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EXOGENOUS NUCLHC ACIDS 
In this contC3a, synthetic 
oligonucleotides of varying 
chemistry (typically 16-25 
nucleotides), which are 
introduced into cells by various 
means, or simply (although 
inefficiently) by concent ration - 
driven endocytosis. 

ANTISENSE 

Reverse complement of any 
DNA or RNA sequence. 
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NUCLEIC-ACID THERAPEUTICS: 
BASIC PRINCIPLES AND RECENT 
APPLICATIONS 



Joanna B. Opalinska'*^ and Alan M. Gewirtz* 

The sequencing of the human genome and the elucidation of many molecular pathways that are 
important in disease have provided unprecedented opportunities for the development of new 
therapeutics. The types of molecule in development are increasingly varied, and include antisense 
oligonucleotides and ribozymes. Antisense technology and catalytic nudeic-add enzymes are 
important tools for blocking the expression of abnormal genes. One FDA-approved antisense drug 
is already in the dinic for the treatment of cytomegalovirus retinitis, and other nudeic-add therapies 
are undergoing dinical trials. This artide reviews different strategies for modulating gene expression, 
and discusses the successes and problems that are associated with this type of therapy. 



With their promise of high specificity and low toxicity, 
many believe that gene-targeted therapies will lead to a 
revolution in cancer therapeutics*. Numerous gene- 
therapy strateg;ies are under development, some of whidi 
use nucleic-add-based molecules to inhibit gene express- 
ion at either the transcriptional or post-transcriptional 
leveF. This strategy clearly has other potential applica- 
tions, including in cardiovascular''*, inflammator/'* and 
infectious diseases'""*, as well as organ transplantation". 

Although conceptually elegant, the prospert of usmg 
nudeic-add molecules for treating human malignandes 
and other diseases remains tantalizing, but uncertain' ^ 
The main cause of this uncertainty is the apparent ran- 
domness with which these materials modulate the 
expression of their intended targets. It is a widely held 
view that molecule delivery, and selection of which mess- 
enger RNA sequence to physically target, are core stum- 
bling blocks that hold up progress in the field. In this 
review, we recapitulate the development of nudeic-add 
drugs for modulating gene expression, discuss newer 
strategies for solving the problems alluded to above, and 
detail attempts at using these molecules therapeutically. 
In so doing, we hope to both educate the reader who is 
unfamiliar vrith this literature, and convince those who 
are sceptical that this remains a viable approach to 'on 
demand' maiupulation of gene expression. 



Modulating gene expression 

The notion that gene expression could be modified 
through the use of exogenous nucleic aods derives from 
studies by Paterson et a/.'\ who first used single- 
stranded DNA to inhibit translation of a complemen- 
tary RNA in a cell-free system in 1977. The foDowing 
year, Zamecnik and Stephenson'* showed that a short 
( 1 3-mer) DNA oligodeoxynudeotide that was anhsense 
to the Rous sarcoma virus could inhibit viral replica- 
tion in culture. On the basis of this work, Zamecnik 
and Stephenson are widely credited for having first 
suggested the therapeutic utility of antisense nucleic 
acids. In the mid 1980s, the existence of naturally 
occurring antisense RNAs and their role in regulating 
gene expression was shown*'*'*. These observations 
were particularly important, because they lent credi- 
bility to the belief that 'antisense* was more than just a 
laboratory phenomenon, and encouraged belief in the 
hypothesis that reverse-complementary antisense 
nucleic acids could be used in living cells to manipu- 
late gene expression. These seminal papers, and the 
thousands that have followed, have stimulated the 
development of technologies that use nucleic acids to 
manipulate gene expression. As will be discussed below, 
virtually all of the available methods rely on some 
type of nucleotide-sequence recognition for targeting 
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TRl PLE-HELIX - FORM I NG 
OUGODEOXYNUCLEOTIDE 
(TFO). A synthetic, sin^c- 
strandcd oligodcoxynudeotide, 
which, through HoogsKn-bond 
formation, hybridizes to 
purine/pyrymidinc- rich 
sequences in doubte>stranded 
DNA. Formation of stable triple 
helices can prevent the 
unwinding that is necessary for 
transcription of the targeted 
region or block the binding of 
transcription-factor complexes. 

iMAJOR GROOVE AND MINOR 
GROOVE 

Channels formed by the twisting 
of two complementary DNA 
strands around each other to 
form a double helix. The major 
groove is -22 A wide and the 
minor groove is ~ 1 2 A wide. 

HOOGSTEEN BOND 
TViple-helix- forming 
oligonucleotides hybridize with 
purine bases that comprise 
polypurine/polypyrim idine 
tracks in the DNA. The 
hydrogen bonds that are formed 
under these conditions are 
referred to as Hoogsteen bonds 
after the individual who first 
described them. They can form 
in parallel or antiparallel 
( reverse- Hoogsteen) 
orientations. 

NUCLEOSOME 

A packing unit for DNA within 
the cell nucleus, which gives 
the chromatin a 'beads-on-a- 
string' struaure. The 'beads' 
consist of complexes of nuclear 
proteins (hbtones) and DNA, 
and the 'string' consists 
of DNA only. A histone oaamcr 
forms a core around which the 
double-stranded DNA helbc is 
wound twice. 

LExrmopsiN 

A molecule that extrageneticaily 
reads the base sequence of 
double-stranded DNA. 

RIBOZYME 

RNA molecule that contains one 
of a variety of catalytic motifs 
that deave RNA to which it 
hybridizes. 

DNAzyme 

A DNA molecule that contains a 
catalytic motif that deaves RNA 
to which it hybridizes. 




Rgure 1 1 TViple-helbt formation at the nucleotide level. 

Shows the formation of W&tsorv-Crick (red) and Hoogsteen 
bonds (black) between duplex pairs and the third strand (the 
arrow points to a single tjase of the third strand). Blue, guanine 
residue (purine); pink, cytosine residue (pyrimidrie). 



specificity, but differ as to where and how they perturb 
the flow of genetic information. 

Strategies for modulating gene expression can be 
thought of as being either 'anti-gene* or anti-mRNA 
(see below; reviewed in ref. 2). Anti-gene strategies focus 
primarily on gene targeting by homologous recom- 
bination"'", or by TRIPLE-HEUX-FORMING OLlCODEOXyNUCLEO- 

TiDEs (TFOs)". As homologous recombination involves 
vector technology and — at least at the present time — 
is much too inefficient for clinical use, it will not be con- 
sidered further in this discussion. TFOs bind in the 
MAJOR GROOVE of duplcx DNA in a sequence-specific 
manneH**. Gene targeting with these molecules is con- 
strained by the fact that TFOs require runs of purines 
on one strand and pyrimidines on the other (-10-30 
nucleotides (nts) in length) for stable hybridization. The 
TFO can be composed of either polypurine or poly- 
pyrimidine tracts, but hybridization always occurs on 
the purine strand of the duplex through the formation 

of HOOCyrEEN BONDS (FIG. 1). 

Successful use of this strategy for blocking transcrip- 
tion and inducing specific mutations, both in vifroand 
in vivOy has been reported (reviewed in ref. 20). Although 
the frequency of such events is typically <1%, Glazer 
and co-workers^' have reported a system in which 
desired mutations can be induced in -50% of cells, indi- 
cating that genuine clinical utility might be possible. 
This general approach has also been used for inducing 
mutations that can artually repair a gene that has been 
made defective by inherited or acquired point mutation. 
Work to support this concept using chimeric 
DNA-RNA oligonucleotides has also been reported, but 
again, the frequency of such repairs, in most cases, has 
been far too low to be of clinical use at this time". 

Short, double-stranded (ds)DNA decoy molecules 
have also been used to disrupt gene expression at the 
level of transcription". These oligodeoxynucleotides 
are designed to compete for transcription -factor com- 
plexes, with the ultimate goal of attraaing them away 
from the promoter that they would ordinarily activate. 
For many technical reasons, including limited gene 
accessibility in the nucleosome structure, the clinical 
application of these methods has not progressed at a 
rapid rate. An alternative approach, using polyamides, 
or LEXiTRopsiNs, has been described by Dervan and coll- 
eagues""". These small molecules have the ability to 



diffuse into the nucleus, where they can contaa dsDNA 
in the minor groove, thereby impeding transcription by 
preventing unwinding of the duplex, or by preventing 
the binding of transcription-factor complexes to the 
gene promoter. DNA accessibility, and maintaining the 
appropriate 'register' of the polyamides for the desired 
sequence recognition, are problems with this method 
that remain to be solved". 

A larger body of work has focused on destabilizing 
mRNA. This approach, although less favourable than 
anti-gene strategies from a stoichiometric point of view, 
is nonetheless attractive, because mRNA, unlike the 
DNA of a given gene, is — theoretically — accessible to 
attack while being transcribed, transported from the 
nucleus or translated. Two nucleic-acid-based strategies 
have emerged for blocking translation. One strategy 
uses oligoribonucleotides. Similar to the strategy of the 
DNA decoys, the RNA decoys are designed to provide 
alternate, competing binding sites for proteins that act as 
translational activators or mRNA-stabilizing elements^'-". 
By attracting away the desired protein, the decoy can 
prevent translation, or induce instability and, ultimately, 
destruction of the mRNA. Recent studies on human 
a-glohin mRNA are of interest in this regard. Stability 
determinants for this mRNA species have been defined 
in sufficient detail so that it can be used as a model system 
for testing the hypothesis that altering mRNA stability 
with decoys will be a useful form of therapy^". 

The other strategy for destabilizing mRNA is the more 
widely applied anti sense strategy, which uses ribozymes, 
DNAirmw* antisense RNA or antisense DNA (ODN). The 
antisense approach to modulating gene expression has 
been the subject of numerous authoritative reviews, and 
will not be discussed in great detail here^'^^-''. Simply 
stated, delivering a reverse-complementary — that is, 
'antisense' — nucleic acid into a cell in which the gene of 
interest is expressed should lead to hybridization 
between the antisense sequence and the mRNA of the 
targeted gene. Stable mRNA-antisense duplexes can 
interfere with the splicing of heteronu clear RNA into 
mature mRNA'^^^ block translation of completed 
message^' and — depending on the chemical compo- 
sition of the antisense molecule — lead to the destruc- 
tion of the mRNA by binding of endogenous nucleases, 
such as RNaseH"'**, or by intrinsic enzymatic activity 
engineered into the sequence, as is the case with 
ribozymes^**'*' and DNAzymes^^'" (RG.2). 

Nucleic acids with catalytic activity 

Ribozymes and DNAzymes bind to substrate RNA 
through Watson-Crick base pairing, which offers 
sequence-specific cleavage of transcripts. At least six 
classes of ribozyme have been described. Two 
ribozymes, the 'hammerhead' ribozyme and the 'hair- 
pin' ribozyme, have been extensively studied owing to 
their small size and rapid kineticS**'*^ The catalytic motif 
is surrounded by flanking sequence that is responsible 
for 'guiding' the ribozyme to its mRNA target and giving 
stability to the structure. With the hammerhead 
ribozyme, cleavage is dependent on divalent cations, 
such as magnesium, and can occur after any NUH 
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5'-GGGCGCCGGUCGGUGUGGGC-3' 

I I 

mRNA strand 




mRNA strand 



DNAzymes have evolved from the seminal work of 
Breaker and Joyce^, who first showed that DNA, as well 
as RNA molecules, could act enzymatically and cleave a 
nucleic-add substrate. Similar to ribozymes, DNAzymes 
have a catalytic domain that is flanked by two substrate- 
recognition domains. After binding to their RNA sub- 
strate, DNAzymes can cleave sequences that contain 
purine-pyrimidine junctions. DNAzymes have some 
theoretical advantages over ribozymes, DNA is more sta- 
ble than RNA, it is easier to synthesize, and the turnover 
rates for some of the DNAzymes are reported to be 
higher than some ribozymes^^ Nevertheless, constant 
improvements in both DNAzyme^* and ribozyme 
chemistry make this a 'moving target' in terms of 
which chemistry is better^*. Although experience with 
DNAzymes as potential therapeutic agents is limited^', 
these molecules might prove worthy in the clinical setting. 



mRNA strand 



1 



5' AUG GGG CCC AAA CGC AGA GCG 3' 




Rgure 2 1 Strategies for inhibiting translation. Dagrannmatic represfflTtations of a | a hammer- 
head ribozyme pNAzymes have similar RNA-cieaving capabinties, but the catalytic motif is 
composed of DNA nucleotides, herce the name); b 1 an antisense oligodeoxynudeotide: and 
c t antisense RNA. Note that targeting specificity is conveyed in each case t)y Watson-Crick 
base pairing betwreen complementary sequences. From ref. 2 © {1996} American Society of 
Hematology, used by permission. mRNA, messenger RNA, 



triplet within the target RNA sequence, for which *N' 
represents any nucleotide, 'U* represents uracil and 'H* 
represents adenine, cytosine or uracil****'. If ribozymes 
are to work effectively as enzymes,* they must not only 
bind substrate RNA but also dissociate from the cleav- 
age product to act on further substrates. Dissociation 
from the cleavage product might, in fact, be an impor- 
tant rate-limiting step that controls their usefulness*""*'. 
Consideration of reaction kinetics indicates that 
ribozymes might have a theoretical advantage over 
RNase-H -dependent antisense oligonucleotides, but to 
the best of our knowledge, this has not been shown con- 
sistently in VIVO, Ribozymes can be expressed from a 
vector that offers the advantage of continued produc- 
tion of these molecules intracellularly^*^', a property 
that — at least until recendy — was not possible with 
antisense DNA". However, it is weU known that stable 
transduction of primary cells in vivo has substantial 
technical problems, which will not be discussed further. 
Progress has been made recently in synthesizing stable 
forms of these molecules, so that they might be deliv- 
ered directly to alls both in vitro and in vrvo". 



RNA Interference 

A newly developing approach for targeting mRNA is 
called post-transcriptionaJ gene silencing, or RNA inter- 
ference (RNAi)^'"^ (FIG. 3). RNAi is the process by which 
dsRNA targets mRNA for destruction in a sequence- 
dependent manner. The mechanism of RNAi initially 
involves processing of long (-500-1 ,000 nucleotides) 
dsRNA into 21-25 base-pair (bp) 'tri^er* fragments^' by 
a member of the RNase-III family of nucleases called 
DICER*®^^. When incorporated into a larger, multicom- 
ponent nuclease complex named RISC (RNA-induced 
silencing complex), the processed trigger strands form a 
'guide sequence* that targets the RISC to the desired 
mRNA sequence and promotes its destruction*'. RNAi 
has been used successfully for gene silencing in various 
experimental systems, including petunias, tobacco plants, 
neurospora, Caenorhabditis elegansy insects, planaria, 
hydra and zebrafish. The use of long dsRNA to silence 
expression in mammahan cells has been tried, largely 
without success". More recent reports using short inter- 
fering RNA (siRNA; see below) seem to be more 
promising". It has been suggested that mature, as 
opposed to embryonic, mammalian cells recognize 
these long dsRNA sequences as invading pathogens. 
This tri^ers a complex host-defence reaction that effec- 
tively shuts down all protein synthesis in the cell 
through an interferon-inducible serine/threonine- 
kinase enzyme called protein kinase R (PKR). PKR 
phosphorylates the a-subunit of eukaryotic initiation 
faaor-2 (EIF-2a), which globally inhibits mRNA trans- 
lation. The long dsRNA also activates 2*3'-oUgoadenylate 
synthetase, which in turn activates RNase L. RNase L 
indiscriminately cleaves mRNA. Cell death is the under- 
standable result of these processes. Recendy, a number of 
reports have su^ested that siRNA strands — RNA dou- 
ble strands of -2 1-22 nucleotides in length — do not 
trigger this host-defence response, and therefore might 
be able to silence expression in mammalian somatic 
cells if appropriately modified to contain 3' -hydroxy 
and 5'-phosphate groups"^. The universality of this 
approach, and the types of gene that can be modified 
using this strategy in mammalian cells, remain 
unknown at this time. 
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Trigger dsRNA 



Helicase? 



Unwinding of dsRNA? 



i DICER 



a siRNA 



Unwinding? 



b jRdRP 



! 



Target mRNA 

CAP 



Priming 



A/VAAA 



DICER 



Helicase? 



SiRNA _ 



RdRP 



or 



C I DICER 

New dsRNA 



Partial RdRP and RNA ligase? 

Figure 3 1 Hypothetical RNAi mechanisnn. a 1 In the 'inrtiation' stage of RNA tnterferenoe (RNAi), 
a small amount of trigger doubfe-stranded (ds)RNA is processed into short interfering (si}RNA by an 
enzyme called DICER (light blue arrov^, wNch is used as an RdRP primer, b | The RdRP reaction 
converts target nnessenger RNAs into new dsRNAs (next generation of trigger dsRfvlAs). which are 
then processed into new siRNAs, establishing a setf-sustaining cycte of RNAi *nnaintenance' (green 
arrows), c [ Replicatbn of trigger' or newty synthesized dsRNA by RdRP would ampOfy the 
potency of RNAi by further increasing the amount of siRNA, as both sense and antisense strands 
of trigger dsRNA and siRNA could then be used. Howev^, the in vivo significance of tNs pathway 
(dark grey arrows) fias not yet been estabfished. It also rennains mdear if the 'am^ification' steps 
take place in mammalian cells. RdRP, RNA-dependent RNA polymerase; helicase, unwinding 
enzyrre. Redrawn from ref. 57 © (2001 ). with pemnission from Elsevier Science. 



Altering RNA splicing 

Finally, the strategy of manipulating gene expression by 
altering RNA processing, as opposed to by mRNA 
destruction, is also worth mentioning, as significant 
progress seems to have been made in this area. Kole and 
colleagues developed this approach using a model sys- 
tem based on human thalassaemia"'^*'.Tha!assaemias 
are highly prevalent human blood disorders that are 
characterized by faulty haemoglobin production and 
concomitant red-cell destruction that results in 
anaemia. The genetic mutations that are responsible for 
these diseases are well characterized, and often involve 
aberrant splicing. Kole^s group showed that treatment of 
mammalian cells that were stably expressing a human 
{5-globin gene with antisense oligonucleotides that were 
targeted at the aberrant splice sites blocked the abnor- 
mal splicing, thereby allowing the normal splice site to 
be used. Correction of splicing was oligo-dose depen- 
dent and, importantly, led to accumulation of normal 
human ^-globin mRNA and polypeptide in cells". 
More recently, correction has been accomplished in 
blood cells derived from thalassaemic patients". This 
result would clearly have important clinical conse- 
quences if such treatment could be made effeaive at the 
level of the haematopoietic stem ceD. These same work- 
ers suggest that this approach might also be useful in the 
treatment of cancer". 



Increasing ollgonucleoticte stability 

Initial work with antisense DNA was carried out with 
unmodified, natural molecules. It soon became clear, 
however, that native DNA was subject to relatively 
rapid degradation, primarily through the action of 
3' exonucleases, but also as a result of endonuclease 
attack. Molecules destined for the clinic, and those 
used for experimental purposes, are now routinely 
modified to enhance their stability, as well as the 
strength of their hybridization with RNA (see refs 73,74 
for further details). Oligonucleotide drugs need to 
meet certain physical requirements to make them use- 
ful. First, they must be able to cross cell membranes 
and then hybridize with their intended target. The 
ability of an ODN to form a stable hybrid is a funrtion 
of its binding affinity and sequence specificity. 
Binding affinity is a function of the number of hydro- 
gen bonds that are formed between the ODN and the 
sequence to which it is targeted. This is measured 
objectively by determining the temperature at which 
50% of the double-stranded material is dissociated 
into single strands, which is known as the melting 
temperature, or T^. mRNA-associated proteins and 
tertiary struaure also govern the ability of an ODN to 
hybridize with its target by physically blocking access 
to the region that is being targeted by the ODN. 
Finally, it is also clear that ODNs should exert little in 
the way of non-sequence-related toxicity", and 
should remain stable in the extracellular and intracell- 
ular milieu in which they are situated. Meeting all 
these requirements in any one molecule has turned 
out to be a demanding task. Satisfying one criterion is 
often accomplished at the expense of another. It is also 
worth noting that the more complex the molecule, the 
more expensive is its synthesis. In an age of increasing 
cost consciousness, this too becomes an important 
design consideration. 

First-generation antisense molecules were designed 
to make the internucleotide linkages — the backbone 
on which the nucleosides are hung — more resistant to 
nuclease attack. This was accomplished primarily by 
replacing one of the non-bridging oxygen atoms in the 
phosphate group with either a sulphur or a methyl 
group. The former modification, which is called a 
phosphorothioate oligodeoxynudeotide, proved highly 
successful, because these molecules are relatively nuclease 
resistant, they are charged and therefore water soluble, 
and they activate RNase H. All of these properties are 
desirable, and virtually all of the clinical trials done so 
far have been carried out with this chemistry, although 
trials using so-called 'second-generation molecules' 
(mixed backbone/chimeric oligonucleotides) will 
shortly begin. Second-generation molecules were 
developed to overcome the disadvantageous proper- 
ties of the phosphorothioates. A primary strategy that 
was used was to remove the phosphorothioate link- 
ages to the greatest extent possible. This was often done 
by flanking a phosphorothioate core with nuclease- 
resistant nucleosides — often with 2'-0 sugar modifi- 
cations — that rendered the molecules more RNA 
like, and therefore gave tighter binding to the target. 
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MORPHOUNO 
OUGODEOXYNUCLEOTIDE 

( PMO). The base is attached 
to a morpholino instead of a 
ribofuranosyl ring, and the 
backbone is composed of a 
phosphoFodiamidate linkage. 



Many chemical modifications to the phosphodiester 
linkage have been made. Two of the more interesting 
modifications that are now under development are pep- 
tide nucleic acids ( PNAs)'* and morphouno oucodeoxy- 
NuaEomoES (PMOs)^*. These compounds are essentially 
nuclease resistant. PNAs represent a more radical 
approach to the nuclease-resistance problem, as the 
phosphodiester linkage is completely replaced with a 
polyamide (peptide) backbone. They both form 
extremely tight bonds with their RNA targets and prob- 
ably exert their effects by blocking translation, as neither 
molecule effectively activates RNase H. Whether it is 
necessary to preserve the ability of these molecules to 
activate RNase H is controversial", but many workers in 
the field still believe that molecules with this capability 
are likely to be more effeaive, at least in the clinical set- 
ting. As these molecules do not move freely across cell 
membranes, they must be injected or transfected into 
cells. Finally, PNAs are also sensitive to local ionic con- 
centration and do not hybridize as well under physio- 
logical conditions. 

Nucleic-acid drugs in the clinic 

Diseases that are characterized by overexpression or 
inappropriate expression of specific genes, or genes that 
are expressed by invading microorganisms, are candi- 
dates for gene- silencing therapies. For this reason, the 
earliest clinical trials with these agents have been against 
human immunodeficiency virus (HIV)77-79 and 
patients with cancerSO. Malignant diseases, in particular, 
are attractive candidates for this therapeutic approach, if 
for no other reason than that conventional canar thera- 
pies are highly toxic. As antisense strategies are directed 
against genes that are aberrantly expressed in diseased 
cells, it might reasonably be expected that this approach 
will engender fewer and less serious side effects, as nor- 
mal cells should not be affected. There were concerns 
that this might not be the case when preclinical studies 
on primates with phosphorothioate compounds 
resulted in the death of some animals. However, investi- 
gation of these occurrences showed that they took place 
after rapid bolus intravenous infusions at concentrations 
exceeding5-10 ^g ml"\ and that they were probably 
due to complement activation and vascular collapse". 



Box 1 ] First approved nucleic-acid dirug 



Vitravene (sodium fomivirsen), an antiviral drug that was developed by ISIS 
Pharmaceuticals and is marketed by CIBA\'I$ion, was approvi^dljy Europe and US 
regulatory authorities in July 1999 anil Auguk 1 998, respiKtivciy. Vitravene is used to ; . 
treat an inflammatory viral infection of the eye (retinitis) that is caused by the , 
cytomegalovirus (CMV). CMV often infects immunocompromised patients, and 
patients with uncontrolled AIDS are particularly at risk. Oiie or both eyes can be^ 
affected, and it is not unusual for patients to suffer severe visual impairment or 
blindness as a result of untreated infections. Treatmen 

in particular for patients who cannot take, do not respond or become rnist^ to ; > ^ 
standard antiviral treatments for CMV infections, such as gancidqvir, fosdirrict arid 
ddofovir'^^. Vitravene is an antisense phosphorothioate 2 l-mer oHgo^ ' 
a sequence that is complementary to messenger RNA tKat is transcribed £rom the main; 
immediate--early transcriptional unit of CMV' 



This experience was therefore a useful reminder that, 
in addition to side effects resulting from the suppres- 
sion of the targeted gene, side effects related to the 
chemical backbone of the oligonucleotide should also 
be anticipated. In the case of phosphorothioates, this 
problem was easily addressed by infusing material 
continuously, or slowly, and at lower doses. In actual 
use in the clinic, phosphorothioates have proved to be 
remarkably well tolerated (BOX i). Abnormalities 
related to the backbone include transient fever, fatigue, 
nausea and vomiting, mild to moderate thrombo- 
cytopaenia and transient prolongation of partial 
thromboplastin time (PTT; 1.25-1.75 x), which is for- 
tunately unassociated with any signs of overt clinical 
bleeding""*^. At present, several clinical studies have 
been carried out using a number of different oligo- 
nucleotides. Below, we review some of the more recent 
clinical studies that have been carried out on patients 
with malignant, inflammatory, cardiac and infectious 
diseases (summarized in table i)- 

Targeting apoptosis Inhibitors in oncology 

BCL2; cancer treatment Targeting B-cell lymphoma pro- 
tein 2 (BCI^) is a promising example of triggering apop- 
tosis in tumour cells. BCL2 is an important regulator of 
programmed cell death, and its overexpression has been 
implicated in the pathogenesis of some lymphomas". 
Resistance to chemotherapy, at least in vifro, might also 
be related to BCL2 overexpression'^*". Laboratory studies 
have shown convincingly that exposing cells to an 
oligonucleotide targeted to BCL2 will specifically 
decrease the amount of targeted mRNA and protein 
(six-eightfold reduction). For all of these reasons, there 
is a great deal of interest in targeting BCI2for therapeu- 
tic purposes". Several clinical trials with a BCL2-targeted 
antisense molecule have been reported, both alone"-*' 
and with supplementary chemotherapy"*" ". Studies 
with the ohgonucleotide alone have not shown consis- 
tent, strong antitumour responses. The addition of 
chemotherapy might be helpful in this regard. An issue 
with several of these studies is lack of correlation of 
tumour responses with significant effects on BCL2 pro- 
tein expression. The mechanism of action of the com- 
pound is not entirely dear. 

"nranscription-factor targeting in oncology 

c-MYB: bone-marrow purging. The normal homo- 
logue of the avian myeloblastosis virus oncogene {v-myb) 
is a proto -oncogene called c-MYB. c-MYB encodes a 
protein (MYB), which is a regulator of cell-cycle trans- 
ition and cellular maturation, primarily in haema- 
topoietic cells, but in other cell types as well. A 
recently published study was designed to test the 
hypothesis that an effectively delivered, appropriately 
targeted ODN might provide a proof of concept about 
the ability to target a specific mRNA and thereby kill 
tumour cells selectively". To test this hypothesis, an 
ODN targeted to the c-MYB proto-oncogene was used 
to purge marrow autografts that were administered to 
patients with allograft- in eligible chronic myelogenous 
leukaemia (CML). CD 34* marrow cells were purged 
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with ODN for either 24 (n= 19) or 72 (n = 5) hours 
(FIG. 4). Post-purging, c-MYB mRNA levels declined 
substantially in -50% of patients. Analysis of 
BCR—A BL (breakpoint duster region-Abelson murine 
leukaemia viral oncogene homologue) expression in a 
surrogate stem-cell assay indicated that purging had 
been accomplished at a primitive cell level in >50% of 
patients. Cytogenetics were evaluated at day 100 in sur- 
viving patients who did not require administration of 
un purged 'rescue' marrow for engraftment («= 14). 



(All purging protocols require storage of untreated mar- 
row as a 'back-up', in case the purged material does not 
engraft.) Whereas all patients were -100% Ph* 
(Philadelphia chromosome positive) pre-transplant, 
two patients had complete cytogenetic remissions, three 
patients had <33% Ph^ metaphases and eight remained 
100% Ph*. The marrow of one patient yielded no 
metaphases> but fluorescence in situ hybridization 
(FISH) evaluation -18 months post-transplant revealed 
that -45% of cells were BCR-ABL*y indicating that six 



Table 1 | Summary of recently published clinical trials with nucleic-acid drugs 



Target 

ICAM-1 



PKC-a 



BCL2 
BGL2 

combinecl with 
dacarbazine 

BCL2 

combined with 
mitoxantrone 

Fomivirsen 
CMV 



h-RAS 



c-RAF 
kinase 



c-MYC 



IGFIR 



Type 
of study 

Muiticentre; 
placebo 
controlled; 
double blind 

Racebo 
contfDjled; 
double blind 

Phase I 



Phase I 

Phase I 
Phase !/ll 

Phase I/II 



Multicentre; 

randomized; 

prospective 

F^ase I 



Phasel 



Multicentre 
Phase It 

Phase I 

Multicentre; 

placebo 

controlled 

Placebo 
controlled 



Pitot study 



No. of 
patients 

75 



20 
36 

21 
21 

26 
29 

23 

34 

22 

22 
78 

85 
12 



Diagnosis 

Crohn's 
disease 



Grohn's " 
disease-^ 

Advanced 
cancer 



Advanced' : 
caricer ^ 

Relapsed 
NHL 

Advanced , 

maligr^tj- 

^i^e^a^K^^m^^.' 

Metastatic 

prostate 

career 

CMV retinitis 
in AIDS 
patients:- : ; . 

. ' i. - - ^ 'r 

Advanced 
carw;er 

Advanced 

"cancer 

SCLC and 
NSCLC 

Advanced 
cancer 

After PTCA 



After 
coronary- 
stent ' \ 
imptantaton 

Malignant 
astrocytoma 



Dose range 

0.5 mg 



Treatment 
diiratton , 

2days- 
4 weeks 



0.5-2 mg kg-' - ; ^26 clays 
0.15-6mgkg-^d-' 



0:5-3 mgkg^'<t' 



4.6-195.8 
mg m-^ cl-^ 

a5^.6mgkgc^^ 



3 days per 
week for 3 
weeks every 

4 weeks 

21days 

(Bvery.; 

4 weeks . ■ 

14 days 



14 days ; : 
everyf- 
4;weeks; >. 

14 days 
every 
28 days 



0.6-5 mg kg-^ d"' 

165 |ig 



0.5-10 mg kg-' d"' 1 4 days 

every 
3 weeks 



1~6mgkg-' d"^ 

- ,■ , V ~- ■ ' V ■■■■ - f 

2 mg kg-' d-' 

6-30mgkgr- d"' 
1-24 mg d-' 

10 mg d-' 
2 mg 10"' cells 



.21;days./^- ; 
every ' : ■ 
4 weeks < 

21 days 
every 
4 weeks 

Weekly 
Single dose 



Administration 



SC 



2 hours IV 
infusion 

2 hours fV 
infusbn 



Cdhtihuous 
ly Infusion 

Continuous 
SC infusion 

iContinuouslV 
infusion > 

Continuous IV 
infusion 

Intravttrebusly 



Continuous IV 
infusion 



Cc»itinu(xis IV 
ihftisibn ■ 

Continuous IV 
infusion 

24 hours (V 
infusion 

intracoronary 



Single dose ' ■ Intracoronary 



6 hours 



Bf wvo 



Remissions Refs 



Not significant 106 



47% steroid: 6 
free - ' ■ ' ' 
remissions • .v .' . 

2 CR 82 



3 responses. 85 



1 CR, 2 minor 83 
responses 

1 GR;2Pi=l 91 

3 minor - ' . . ■ 
; • responses - ^ - ' " 

2 decreases 84 
in PSA 

Time to 147 
pfoigression 
71 versus 
■ 13 days 

4 stable 96 



- 2 stable. 119 
diseases 



No responses 148 



No responses 99 



No responses 108 



No responses 109 



2CR 
6 PR 



118 



AS, antisense; BCL2, B-c^t (ymphoma protein 2; CMV, cytomGgalovirus; CR, complete remission; ICAM- 1 , interceOular atjhesion molecul©- 1 ; tGF1 R, insufin-Bke-growth- 
facta-1 receptor; IV, ^travenous; c-MYC, myelocytomatosis viral oncogene homotogue; NHL, nwi-HodgWn^ tymphana; NSCLC. rton-smali-cen tung cancer; 
PKC-a; protein kinase C-a; PR, partial remission; re A prostate-specific antigen; PTCA percutaneous translumtnaJ coror^ angioplasty; SC, subcutaneous; 
SCLC, smail'CeD lung cancer. 
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cMYB BCft-ABL 

V12345 12345 




y: marker 



Lane 1: 

CD34+ celts b/p 



Lane 2: 

unfractioned marrow 
c^ls b/p 



Lane 3: 

CD34+ cells p/p 



Lane 4: 

'stem cells' p/p 



Lane 5: 
water control 



V 1 2 3 4 5 



p-actin 

Figure 4 1 Effect of c-MVB-targeted ODNs on c-MYB mRNA expression in marrow cells. EtNdium-bronrude-stained agarose 
gel containing c-MYB. BCR-ABL and p-actin messenger RNA reverse transcriptase (FTO-PCR products derived from: CD34* 
bone-marrow cells of a representative patient before anti-c-MYB otigodeoxynudeotide purging (Lane 1); unfractionated bone- 
marrcw cells before purging {Lane 2); CD34* cells post-purging (Lane 3); and the patientls primitive 'stem cells' post purging {Lane 
4). A control RT-PCR reaction that contains only water is sbo\«n in Lane 5. Lanes containing molecular-vi^eight mariners are 
indicated by the symbol V. Lane 3 {orange arrows) reveals that c-MYB mRNA is undetectable post purging, whereas some 
residual BCR-^BL expression (molecular marker of the rrslignant cells) persists. Efficiency of the process on primitive 
haematopoietic cells is shown in lane 4 {wNte arrows). Here, stem cells, aitured for ten days post-purge, show normal MYB 
expression, whereas BCR-ABL expression is undetectable. Tliese data indicate that, in this patient's manow sample, normal cells 
survived the purge but malignant, SCfl^Sl -expressing cells did not. CkiwTtrol cells that wrero treated in m identical manner but 
not exposed to the anti-c-A^ oligodeoxyrux^leotide continue to express BCR-ABL (not shown), which indicates that the results 
are due to cdigodeoxynudeotide exposure and are not a cell-cutture artefact, b/p, before purging; p/p, post purging. 



out of fourteen patients had originally obtained a 
'major' cytogenetic response. Conclusions about clinical 
efficacy of ODN marrow purging could not be drawn 
from this small pilot study. Nevertheless, these results 
led the authors to speculate that enhanced delivery of 
ODN, targeted to crucial proteins with short half-lives, 
might lead to the development of more effective 
nucleic-acid drugs and enhanced clinical utility of these 
compounds in the future. 

Oncogenic signal-transduction pathways 

Protein kinase C-cl Protein kinase C (PKC) comprises 
a family of biochemically and functionally distinct 
phosphoHpid-dependent, cytoplasmic serine/threo- 
nine kinases. These proteins have a crucial role in 
transducing the signals that regulate cell proliferation 
and differentiation. PKC is overexpressed in several 
tumours, and antisense inhibitors of these enzymes 
have shown some antitumour activity in vitro^^'^ and 



in animal models'*. Results of two studies that used 
the identical 20-mer phosphorothioate ODN against 
PKCa have been published"'*\ The ODN was well 
tolerated, but antitumour effects were modest at best. 
Correlations with levels of PKCa expression were not 
provided. 

RAS pathway 

h-RAS oligonucleotide, h-RAS is a powerful regulator 
of several interconnected receptor-signalling path- 
ways. The gene is constitutively active, and promotes 
proliferation and malignant transformation in many 
human tumours. Cunningham et at. reported results 
from a study that was carried out on 23 patients with 
various malignancies*. As in other studies with phos- 
phorothioate oligonucleotides, only mild toxicities 
were observed. No complete or partial responses were 
achieved. Four patients had stabilized disease for 6-10 
cycles of treatment 
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RESTENOSIS 

A reduction in lumenal size 
after an inter- arterial coronary 
intervention. 



c- RAF kinase, RAF proteins are crucial effectors in the 
RAS signal-transduction pathway. Constitutive activa- 
tion of the RAS pathway is thought to contribute to 
malignant transformation in many cell types, which 
makes elements of this signalling pathway attractive tar- 
gets for inhibition. Effectiveness of an antisense oligonu- 
cleotide against c-RAFhsis been shown both in vitrc^^ 
and in an in vivo tumour-xenograft model". On the basis 
of this work, three clinical trials were initiated" "' "". 
A total of 78 patients were treated. No major tumour 
responses were documented, but some patients had 
stabilization of their disease. 

Ribosvmes 

Ribozymes have been the subject of several authorita- 
tive reviews""'*. Although there is a comprehensive lit- 
erature that describes the use of these molecules to 
target a wide variety of mRNA species in various cell-free, 
cell-intaa and animal-model systems (see REFS4M 1 1), 
there is little recently published material on the use of 
these materials in clinical trials. The earliest clinical 
use of ribozymes was in patients with hiV"-^*-"*' '"^. As 
is true of antisense oligodeoxynucleotides, the 
approach was found to be safe when ribozymes were 
expressed in cells that were then delivered back to 
patients, but clinical efficacy was found wanting. At 
present, several Phase I/II clinical trials with exo- 
genously delivered synthetic ribozymes are in early- 
phase clinical evaluation for patients with breast cancer, 
colon cancer and hepatitis. Results of these clinical 
investigations are anxiously awaited. 

Studies in non-malignant diseases 

Inflammatory diseases, Antisense oligonucleotides have 
been explored as an ti -inflammatory agents. An example 
is the targeting of intracellular adhesion molecule- 1 
(10\M-1 ) in Crohn's disease. In response to inflamma- 
tory stimuli, many cells upregulate the expression of 
/CAMi, which has an important role in the transport 
and activation of leukocytes. It has been shown in vitro 
and in vivo that administration of antisense oligonu- 
cleotides against ICAMl causes a decrease in receptor 
expression, which in turn ameliorates inflammatory 
reactions'"*""''. Two clinical trials with this compound in 
patients with Crohn's disease have been reported^'*. In 
the double-blind study reported by Yacyshyn et aL\ 20 
patients were randomized to receive a saline placebo or 
an ti- /CAM/ antisense oligonucleotide. The treatment 
was well tolerated, and after 6 months, disease remission 
was reported in 47% of patients in the antisense group 
compared with 20% of patients in the placebo group. 
Furthermore, osrticosteroid usage was significantly lower 
(p = 0.0001) in the antisense-treated patients. These 
results engendered a great deal of excitement, but the 
enthusiasm was subsequently dampened by the follow- 
on study that was carried out with this compound in a 
larger group of patients with this disease (n= 75)'*. In 
this placebo-controlled study, no statistically significant 
differences in steroid use between the treatment or 
placebo groups was observed, although 'positive trends* 
were seen in the patients who were treated with the 



antisense oligonucleotide. As with other studies, toxic- 
ity was mild and consisted primarily of pain at the 
injection site, fever and headache. 

The anti-/GlM/ oligonucleotide has also been eval- 
uated in patients with psoriasis. The drug was initially 
administered by intravenous infusion to these individ- 
uals, but examination of their skin indicated that deliv- 
ery to its various layers was poor. For this reason, a topical 
formulation was developed. Although preclinical data 
about uptake of this formulation into the skin and 
downreguiation of expression of the target were encour- 
aging"", the ensuing clinical trial showed only modest, 
short-term effects in these patients (see the ISIS 
Pharmaceuticals web site online). The ultimate useful- 
ness of this compound remains to be determined. 

Cardiovascular disease, restenosis of coronary vessels 
after fro ni- catheter re-vascularization procedures 
remains a serious clinical problem. Manipulation of 
coronary vessels invariably leads to endothelial-cell 
injury, which is often accompanied by thrombosis, 
smooth -muscle-cell activation and subsequent vascu- 
lar remodelling. The myelocytomatosis viral oncogene 
homologue (c-MYC) has been identified as an impor- 
tant mediator in this process through its effects on reg- 
ulating the grovrth of vascular cells in atherosclerotic 
lesions. Accordingly, it has been postulated that c-MVC 
might make an attractive target for preventing post- 
angiopiasty complications, and at least two clinical trials 
using a 15-mer phosphorothioate-modified antisense 
ODN against c-MVC have been reported'*" '*". Both 
studies showed safety of intracoronary application of 
the drug, but no objective clinical responses. 

Oligonucleotides as Immunological adjuvants 

Over the past several years, it has become increasingly 
appreciated that several types of immune cell have 
pattern -recognition receptors that can distinguish 
prokaryotic DNA from vertebrate DNA"°. This is 
apparently accomplished by the ability of these receptors 
to recognize unmethylated CpG dinudeotides in certain 
base contexts (CpG motifs)'". Bacterial DNA, or more 
germane to this discussion, synthetic oligodeoxy- 
nucleotides that contain these unmethylated CpG 
motifs, can activate immune responses that have evolved 
to protea the host against infections. Responses of this 
type are similar to T-helper type 1 (T^^ I )-cell responses, 
and lead to aaivation of natural killer (NK) ceils, den- 
dritic cells, macrophages and B cells''^. CpG DNA- 
induced immune activation has been shown to protect 
certain hosts against infection, either alone, or in combi- 
nation with vaccines. It is reasonable to suppose, then, 
that CpG -containing oligonucleotides might prove to be 
effective adjuvants for the immunotherapy of cancer, 
and for boosting immune responses to antigens that are 
less efficient in this regard, but to which one would like 
to immunize a host' 

The most recent application of this principle was 
reported in abstract form at the December 2001 meet- 
ing of the American Society of Hematology, where 
preliminary results from a clinical trial in which the 
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Table 2 1 Current and planned clinical trials with antisense oligonucleotides and ribozymes 



Product 

Anti-c-MYC (AS) 
EPI2010 

(AS agahst adenosine A1 recefstor) 

Genasense 

(AS against BCL2) 

GTI2040 

(AS againstrilaonucleotids reductase) 
HGIV 

(AS against HIV) 
CpG molecules 

Angiozyme 

(RIbozyme against \/^GFR1) 
Heptazyme 

(Ribozyme against HCV)' 
Herzyme 

(Ribozyme agaihst^HEfe): 

ISIS 3521 (PKC-a) 
ISIS 5132 (c-RAF) 
ISIS 2503 (h-RAS) 
G3139 (BCL2) 
GEM 231 (PKA) 



Diseases 

Cardiovascular restenosis. Rnase II 
Asthma. Phase 11 

Haematotogical malignancies 
Solid tumours. Phase III 

Solid tumours, Riase I arid II 
HfV. Phase II 
Solid tumors 

Mectious'diseases, Ph^Vll 
Breast and colon cancer. Phase II 

HWPhas^J 

.. f j'- _ .■, ■ . ^ " ■ . 

Breast arid (^^anan cancer, 

NSGLC. NHL, Phase III 
Solid tumours. Phase II 
NSCLC, Phase II 
NHL, Phase ll/ill 
PKA, Phase II 



Company 

AVI Bbpharma 
EpiGenesis Pharmaceuticals 

Genta 

LooiS Therspeutios 
Enzo Biocliem 
Coley Pharmaceutical Group 
Ribozyme Pharmaceuticals 



ISIS Pharmaceutic's 



AS, antisense; BCL2, B-cell lymphoma protein 2; CpG, unmethylated CpG dnucleotides; HCV, hepatitis C virus; HER2, tyrosine-kinase 
growth-factor receptor, also called C-ERBB2; HIV, human immunodeficiency viais; c-MYC, myelocytomatosis viral oncogene 
homologue; NHL, Non-Hodgkinls (ymprfroma; NSCLC, non-smali-cel! lung cancer; PKA, protein kinase A; PKC-a; protein kinase C-a; 
VEGFR1 , vascular-endoth^-growth-factor receptor 1 . 



safety and efficacy of a CpG adjuvant was investigated in 
16 patients with non-Hodgkins lymphoma were 
reported*". Analysis of the data accrued at the time of 
submission indicated that the oligonucleotide increased 
the number and activity of NK cells in treated patients, 
and 2 out of 1 6 treated patients achieved partial remiss- 
ion. The study is continuing, and a foilow-on trial of the 
CpG oligonucleotide in combination with rituximah is 
being planned. 

Problems in need of solution 

Nucleic-acid-mediated gene silencing has been used 
with great success in the laboratory'"^-"^"', and this 
strategy has also generated some encouraging results in 
the clinic^*" ***"*'"'. Nevertheless^ it is widely appreci- 
ated that the ability of nudeic-add molecules to modify 
gene expression in vivo is quite variable, and therefore 
wanting in terms of reUability'^'*''". Several issues have 
been implicated as a root cause of this problem, indud- 
ing molecule delivery to targeted cells and specific com- 
partments within cells, and identification of sequence 
that is accessible to hybridization in the genomic DNA 
or RNA^. Intuitively, DNA accessibility is limited by 
compaction of nuclear material and transcription activ- 
ity of the gene target. Formal approaches for solving this 
problem have not been widely discussed. In mRNA, 
sequence accessibility is dictated by internal base pairing 
and the proteins that associate with the RNA in a living 
cell. Attempts to accurately predict the in vivo structure 
of RNA have been fraught with difficulty'". Accordingly, 
mRNA targeting is largely a random process, which 
accounts for the many experiments in which the addi- 
tion of an antisense nucleic add yields no effect on 



expression. Several approaches to this problem have 
been tried, including trial-and-error 'walks* down the 
mRNA'^, computer-assisted modelling of RNA struc- 
ture'^^, hybridization of RNA to random oligonu- 
cleotides arrayed on glass slides'"''" and variations on 
the theme of using random oligonudeotide libraries to 
identify RNase H deavable sites, in the absence or pres- 
ence of crude cellular extracts'"*'". Recent work from 
this laboratory indicates that self-quenching reporter 
molecules might be useful for solving in vivo RNA 
structure'" , but the reliability and usefulness of this 
approach remain to be proven. 

Another problem in this field is the limited ability 
to deliver nucleic acids into cells and have them reach 
their target'". Without this ability, it is clear that even 
an appropriately targeted sequence is not Ukely to be 
efficient. As a general rule, oHgonucteotides are taken 
up primarily through a combination of adsorptive and 
fluid-phase endocytosis'*" '^'. After internalization, 
confocal and electron microscopy studies have indi- 
cated that the bulk of the oligonucleotides enter the 
endosome-lysosome compartment, in which most of 
the material becomes either trapped or degraded. 
Biological inactivity is the predictable consequence of 
these events. Nevertheless, oligonucleotides can escape 
from the vesides intact, enter the cytoplasm and then 
diffuse into the nucleus, where they presumably acquire 
their mRNA, or in the case of decoys, protein tar- 
ggji3 1.132-134^ Delivery technologies continue to improve, 
so it is likely that present methods, and/or other evolv- 
ing technologies, will be used successfully to deliver 
optimized nucleic acids to their cellular targets' 
Indeed, it is our hypothesis that development of 
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effectively targeted and efficiently delivered nucleic-acid 
molecules wilt lead to important advances in the diag- 
nosis and treatment of human malignancies", and other 
diseases for which this class of molecule has been pro- 
posed to be effective. 

In addition to delivering and targeting oligonucleo- 
tides to the mRNA, we believe that other considerations 
might improve the efficaqf of this strategy. In this 
regard, we suggest that the abundance and half-life of 
the target mRNA should also be considered when selea- 
ing a gene target. The c-MYB mRNA that we have 
chosen to target, as well as its encoded protein, has an 
estimated half-life of -30-50 minutes'" '^'. By contrast, 
BCL2, for example, has a half-life that has been esti- 
mated at - 14 hours'", and RAF and RAS have half-lives 
that are estimated to be >24 hours'*"-'*'. Attempts to 
eliminate these proteins from cells using oligo- 
nucleotides might therefore prove more difficult. 
Whether these considerations will apply to extremely 
long lived or endogenously expressed antisense vectors, 
remains to be seen. As the efficiency of these molecules 
for perturbing gene expression improves, an important 
consideration in target selection will be the relative 
selection in the target versus non-targeted tissue. The 
ability to target genetic polymorphisms, or cells affected 
by loss of heterozygosity, might be an effective solution 
to this problem'*^. Finally, another approach for 
improving the effectiveness of nucleic-acid drugs as 
anticancer agents that is under intense investigation is to 
combine them with more traditional therapeutic 
modalities. Although this might well prove useful, we 
strongly believe that it remains important to continue to 



explore strategies that are designed to promote more 
reliable and efficient gene silencing with oligonu- 
cleotides alone. As discussed above, a prime motivating 
force for developing these drugs is the hope for non- 
toxic therapies. Adding back chemotherapy, although 
perhaps useful in the short term, is in the end counter- 
productive to this specific goal, unless it can be used at 
significantly reduced dosages. So far, this has not been 
the case. 

Conclusions 

The concept of inhibiting gene expression with antisense 
nucleic acids developed from studies that were initiated 
almost a quarter of a century ago"''*. Despite the faa that 
the mechanism by which these molecules modulate gene 
expression is not always certain'^ "*'"', clinical develop- 
ment of antisense compounds has proceeded to the point 
at which several nucleic-acid drugs have entered Phase 
I/II, and in a few cases, Phase III trials. Others are about to 
begin, or are in the late planning stages (table 2). The 
original motivation for developing these molecules 
remains strong. The recent development of leukaemia 
cells that are resistant to the small-molecule inhibitor 
Clleevec provides another incentive. Although a cell might 
be able to evolve mutated proteins that evade a small- 
molecule protein inhibitor, this cannot happen if the 
mRNA that encodes that protein is no longer made. 
Accordingly, although only one antisense drug has 
received FDA approval so far'**, all of the investigators 
who have laboured long and hard in this field hope that 
the time to celebrate significant achievements in the clinic 
vrtll shortly be forthcoming. 
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Abstract 

As the genomic revolution continues to evolve, there is an increasing demand for efficient and reliable tools for functional 
characterization of individual gene products. Antisense oligonucleotide-mediated knockdown has been used successfully as a 
functional genomics tool in animal models of pain and analgesia yet skepticism regarding the validity and utility of antisense 
technology remains. Contributing to this uncertainty are the lack of systematic studies exploring antisense oligonucleotide 
use in vivo and the many technical and methodological challenges intrinsic to the method. This article reviews the 
contributions of antisense oligonucleotide-based studies to the field of pain and analgesia and the general principles of 
antisense technology. A special emphasis is placed on technical issues surrounding the successful application of antisense 
oligonucleotides in vivo, including sequence selection, antisense oligonucleotide chemistry, DNA controls, route of 
administration, uptake, dose-dependence, time-course and adequate evaluation of knockdown. 
© 2003 Elsevier B.V. All rights reserved. 
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1. Introduction 

Antisense oligonucleotide (ASO)-mediated knock- 
down of gene expression has contributed substantial- 
ly toward our understanding of the physiology and 
pathobiology of pain and analgesia. ASO use has 
many advantages including the ability to specifically 
target a single member of a large and/or highly 
homologous family and the ability to control the 
timing of protein knockdown. ASO technology 
therefore enables us to elucidate the role of a target 
protein in either the induction or maintenance of 
pathological processes by beginning the ASO treat- 
ment before or after induction, respectively. 

ASOs are particularly well suited for the valida- 
tion of new drug targets because the functional 
effects of ASO-mediated knockdown of a prospec- 
tive drug target can predict its therapeutic potential. 
Through genomics we have increased our under- 
standing of many diseases at the molecular level, yet 
the functional and therapeutic implications of much 
of the information remain unexplored. The need for 
efficient and reliable tools for the validation of 
potential new drug targets has become a critical issue 
in the drug discovery process. 

ASO-based approaches have been successfully 
applied to many classes of pain-relevant genes 
including G-protein coupled receptors (GPCRs), 
voltage- and ligand-gated ion channels, neuropep- 
tides and second messengers. However, despite the 



many important contributions, skepticism about the 
validity and utility of ASOs as a functional genomics 
tool remains. The general impression that the anti- 
sense technology, although initially very promising, 
has not lived up to expectations is somewhat jus- 
tified. In looking at the number of Medline citations 
(Fig. 1) since 1985 in response to a keyword search 
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Fig. 1. Number of Medline citations containing the keywords 
"antisense", "antisense and in vivo", or "knockout or trans- 
genic". The number of antisense related citations has remained 
relatively constant for more than a decade. In the same time 
period, the number of publications containing the terms "knock- 
out" and /or "transgenic" have risen rapidly. 
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for "knockout" or * 'transgenic'* we see a doubling 
every 2-3 years, suggesting continued increased 
utilization of the method. In contrast, examination of 
the number of Medline citations for "antisense" 
reveals minimal growth by comparison. Limiting the 
number of "antisense" citations to those with refer- 
ence to "in vivo" produces a nearly fiat line. This 
under-representation in the literature could be inter- 
preted as indicative of fundamental flaws in the 
antisense technology. On the contrary, we suggest 
that the apparent under-utilization of ASOs is symp- 
tomatic of the many technical and methodological 
challenges of ASOs use and the relative lack of 
systematic studies delineating the best practices for 
in vivo applications. The goal of this review is 
therefore to outline the contribution of antisense 
studies to the field of pain and analgesia, the general 
principles of antisense technology, and the many 
technical issues surrounding the application of ASOs 
in vivo. 



2. Antisense contributions to in vivo pain 
studies 

The rationale driving the application of ASOs in 
pain studies generally falls into several major 
categories. First, ASOs enable the independent func- 
tional characterization of a single member of a 
closely related family of proteins that cannot be 
specifically targeted using pharmacological tools. 
Second, ASOs can be used to examine the molecular 
basis of pharmacologically defined subtypes (for 
example, see the discussion on opioid receptors in 
Section 2.2). Third, ASOs provide a tool for de- 
termining the mechanism of action of pharmaco- 
logical agents. Fourth, as a functional genomics tool 
for target identification and validation, the antisense 
technology offers a screening method for potential 
new therapies and its use can streamline and acceler- 
ate the drug discovery process. Finally, ASOs have 
the potential to serve as therapeutic agents. 

The studies highlighted in this section illustrate the 
wide variety of pain-relevant proteins that have been 
targeted with ASOs. Many of these studies have 
made significant contributions to our understanding 
of the neural mechanisms of pain and analgesia. This 
overview is not intended as a comprehensive tally of 
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all the pain-relevant ASO-based reports published to 
date, nor does it include studies of pain-relevant 
genes where the experimental endpoints did not 
include nociception. The specific details of the 
experimental design, the evaluation of knockdown 
and the pain models used in selected studies are 
itemized in Table 2 and Section 5. 

2.1, Ion channels 

2.1.1. P2X receptors 

The P2X purinergic receptors (ATF-gated cation 
channels) can signal tissue damage when activated 
by ATP released from dying cells [1,2]. The P2X3 
subunit in particular has been implicated in acute and 
chronic pain since its discovery [3-5], largely due to 
its localization in nociceptive sensory neurons [6-9]. 
However, the lack of specific pharmacological tools 
prevented the generation of direct evidence to sup- 
port this contention. Studies using knockout mice 
reported a lack of involvement of P2X3 in normal 
somatic pain thresholds but hinted at some in- 
volvement in the signaling of more tonic stimuli 
[10,11]. It was not until the pubUcation of two 
studies successfully targeting P2X3 with ASOs that 
the importance of this subunit in chronic neuropathic 
and infianmiatory pain was demonstrated directly 
[12,13]. In inflammatory models, P2X3 appeared to 
be involved in Complete Freunds Adjuvant (CFA) 
but not carrageenan-induced thermal hyperalgesia, 
and the ability of P2X3 AS O- treatment to attenuate 
CFA-induced hyperalgesia correlated with the mag- 
nitude of the knockdown obtained in each animal 
[13]. Knockdown of P2X3 attenuated mechanical 
allodynia (assessed by von Frey filaments) induced 
by spinal nerve ligation [13] but not mechanical 
allodynia induced by partial sciatic nerve injury [12]. 
However, the development and maintenance of me- 
chanical hyperalgesia following partial sciatic nerve 
injury, measured using an analgesymeter (Ugo-Basil, 
Milan, Italy), was attenuated by P2X3 knockdown 
[12]. In contrast, P2X3 knockout mice show im- 
paired thermal but not mechanical allodynia follow- 
ing nerve injury, suggesting that the P2X3 receptor is 
not involved in mechanical pain [14]. These incon- 
sistencies could be due to strain, species or methodo- 
logical differences. Despite these discrepancies, how- 
ever, ASO approaches have clearly provided direct 
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evidence for a role of P2X3 receptors in chronic 
pain. 

2 J. 2. Voltage-gated sodium channels 

Nerve injury results in an increased density of 
voltage-gated Na^ channels in the damaged nerve, 
leading to abnormal excitability [15]. The relative 
importance of the members of the voltage-gated Na 
channel family, NaVl, in chronic pain remains a 
subject for debate. Although there are no pharmaco- 
logical tools available for the selective targeting of 
each subtype, based on their sensitivity to tetrodotox- 
in (TTX) the channels have been classified into two 
functional categories: TTX-sensitive (TTX-s) or 
TTX-resistant (TTX-r). The enhanced Na"*^ currents 
in injured axons are largely mediated by TTX-r 
channels [16]. The NaVl.8 channels, in being both 
TTX-r and upregulated in injured nerves [17], may 
be important contributors to this phenomenon. In- 
deed, ASOs targeting NaVl.8 eliminate the TTX-r 
component of the C-wave in injured sciatic nerves 
[18]. Behaviorally, ASOs directed at NaVl.8 have 
been shown to inhibit both the development and 
maintenance of nerve injury-induced thermal hy- 
peralgesia and mechanical allodynia [19,20]. In a 
visceral pain model, NaVl.8 knockdown reduced the 
hyperexcitability produced by acetic acid treatment 
in the bladder [21]. Interestingly, as was observed 
with P2X3, knockdown of NaVl.8 attenuated the 
behavioral signs of CFA- but not carrageenan-in- 
duced inflammatory pain. There may be a fundamen- 
tal difference in these two models that makes the 
latter less susceptible to ion channel downregulation. 
It has been speculated that CFA produces both 
inflammatory and nerve injury related effects, which, 
if true, would be consistent with sensitivity of the 
nerve injury component to the downregulation of 
P2X3 and NaVl.8. 

2. 7.5. Other ion channels 

Antisense studies targeting other families of ion 
channels have resulted in the following observations: 
(1) the NMDA receptor subtypes Rl and R2C are 
important in the etiology of formalin-induced 
nocifensive behaviors whereas the R2D is not 
[22,23]; (2) the 5HT3 receptor is important in 5HT- 
mediated spinal analgesia [24]; (3) the a4 subunit of 
the nicotinic acetylcholine receptor, nAchR, plays a 



critical role in nicotinic agonist-induced analgesia 
[25] and (4) Kvl.l potassium channels are likely to 
be involved in morphine, baclofen and clonidine 
antinociception but not in the antinociception in- 
duced by HI -antihistamines [26-28]. This pattern of 
involvement of Kvl.l is consistent with the mecha- 
nism of action of these compounds (i.e., morphine, 
baclofen and clonidine are agonists at inhibitory 
receptors whereas antihistamines are antagonists at 
an excitatory receptor). 

2.2. G-Protein coupled receptors 

2.2A, Opioid receptors 

An enormous amount of progress has been made 
in the opioid receptor (OR) field because of antisense 
technology. Although there are now knockout mice 
available, ASO-based methodologies pre-date their 
development and have been applied to a wide range 
of questions including: identification of functional 
subtypes, splice variants, and ligand selectivity. 
There has been an inconsistency in the literature with 
regard to the OR subtypes in that the pharmaco- 
logically-identified subtypes of mu-, delta- and kap- 
pa-opioid receptors (50R, ijlOR, and kOR) out- 
number the cloned receptors MORI, DORl and 
KORl. Targeting of the cloned ORs with antisense 
has supported the existence of pharmacological 
subtypes at the molecular level. For example, the 
antinociception elicited by the 80R agonists DPDPE 
and deltorphin II displays differential sensitivity to 
ASOs targeting the cloned DORl receptor, con- 
sistent with previous evidence for the two pharmaco- 
logical subtypes, 80R-1 and -2 [29-33]. Similarly, 
the actions of a kOR agonist in the modulation of 
cutaneous versus visceral nociception were differen- 
tially sensitive to KOR antisense treatment, sug- 
gesting the presence of an additional, non-KORl site 
of action for this agonist in viscera [37]. ASO-based 
studies have also supported a role for DORl in 
morphine tolerance, dependence and stress-induced 
analgesia [34-36]. Finally, ASOs have been used to 
"map" splice variants by the differential targeting of 
exons [30]. In this manner it was determined, for 
example, that different splice variants of the cloned 
mu-opioid receptor MORI display differential sen- 
sitivity to a plethora of |xOR agonists [38-46]. 
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2.2.2. Adrenergic receptors 

Anlisense studies investigating the relative contri- 
butions of the a 2 -adrenergic receptor (a2AR) sub- 
types a^^AR and a2cAR in a2-adrenergic agonist- 
induced analgesia are consistent with the knockout 
studies demonstrating that most [47-49], but not all 
[50] of the a2-adrenergic agonists require the a^^^ AR 
for analgesic efficacy. In fact, ASO treatment and 
knockout mice were used in the same study to 
provide convergent evidence for the involvement of 
the a2cAR in the analgesic action of the ajAR 
agonist moxonidine [50]. 



2.2.3. Metabotropic glutamate receptors 

The therapeutic potential of metabotropic gluta- 
mate receptor antagonists and lack of subtype-selec- 
tive agents have prompted the evaluation of the role 
of the mGluRl subtype in pain and analgesia models 
using ASOs. In acute pain assays, mGluRl ASO 
treatment produced analgesia and decreased neuronal 
activity in response to noxious stimuli but did not 
alter responses to innocuous stimuli [51], In chronic 
pain models, reduction of mGluRl attenuated nerve 
injury- and CFA-induced thermal hyperalgesia and 
mechanical allodynia [52,53]. In addition, some 
restoration of morphine efficacy was observed in 
neuropathic rats [52] and mGluRl ASO treatment 
attenuated the development of morphine tolerance 
[54]. Based on these data, mGluRl antagonists 
would be expected to reverse hyperalgesia and 
allodynia and increase nociceptive thresholds and 
could therefore be effective therapeutic agents. In 
addition, co-administration of mGluRl antagonists 
with morphine may enhance analgesic efficacy and 
reduce the development of morphine tolerance. 



2.2,4. Other G-protein coupled receptors 

Several galanin receptor subtypes have been 
cloned, raising questions regarding their role in 
different aspects of galaninergic transmission. Anti- 
sense studies targeting GalRl have demonstrated that 
this subtype is critical for galanin-mediated inhibi- 
tion of C-fiber-induced facilitation of nociceptive 
reflexes [55,56]. Thus, GalRl may mediate the 
analgesic actions of galanin receptor agonist in the 
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spinal cord. GPCR antisense studies have also shown 
that the 5HT,b serotonergic receptor subtype may 
not be required for 5HT-mediated analgesia [24] and 
that cholecystokinin (CCK) has anti-opioid activity 
at the CCKg receptor [57]. Other GPCRs which have 
been successfully targeted with antisense in pain- 
relevant studies include: muscarinic Ml- [58,59], 
dopamine D2- [60], neurotensin NTl- [61-63] and 
the cannabinoid CBl -receptors [64,65]. 

2.3. G-Proteins 

Stimulation of G-protein coupled receptors can 
lead to the activation of multiple G-protein a- 
subunits (G„) [66], Given the functional conse- 
quences of differential G^ activation, it is important 
to understand which of these subtypes is relevant to 
signaling in vivo. Many of the G„ subunits have 
been targeted with ASOs and these studies have 
resulted in some interesting insights into G-protein 
coupling. Most relevant to pain and analgesia are the 
studies investigating the complement of G^ subunits 
activated by specific analgesics. Activity of the 
supraspinally administered fxOR agonists morphine, 
DAMGO and sufentanil, for example, was attenuated 
by antisense targeting Gjja- but not Gi,„, G-^^ or G^^ 
[67], In addition, Gi2a activation differentiated be- 
tween morphine analgesia and other effects of mor- 
phine such as acute dependence and constipation 
[68]. It has also been shown that different |xOR and 
60R agonists are differentially sensitive to knock- 
down of a given G„ subunit. For example, morphine 
and morphine-6 p-glucuronide appeared to utilize 
different G„ subunits [69] as did agonists acting at 
the 80R-1 and 80R-2 subtypes [70]. Furthermore, 
analgesics acting at other families of inhibitory 
GPCRs (i.e., clonidine at ajARs) shared G-proteins 
with some ORs and not with others. For example, 
Karim and Roerig demonstrated that spinal analgesia 
elicited by clonidine and morphine was attenuated by 
knockdown of different G„ subunits [71]. Many of 
these studies have been reviewed elsewhere [72,73]. 
In addition to selective knockdown of G„ subunits, 
the G protein subunit -yl has been targeted with 
ASOs, revealing a significant role for this protein in 
antinociception induced by i.e. v. administration of 
the 80R agonist DPDPE [74]. 
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2 A. Miscellaneous signaling molecules, growth 
and transcription factors 

In addition to the functional roles of many ion 
channels, GPCRs and G-proteins, ASOs have been 
applied to a wide range of pain-relevant questions 
such as morphine tolerance. It has been shown, for 
example that knockdown of p-arrestin attenuates 
both morphine tolerance and nerve-injury induced 
allodynia [75], that knockdown of the nNOS splice 
variants attenuates the development of morphine 
tolerance (nNOS-1) or reduces morphine analgesia 
(nNOS-2) [76] and that PKCa is involved in the 
development of morphine tolerance. Other molecular 
classes successfully targeted with antisense include 
growth and transcription factors. For example, ASO 
targeting helped identify the role of neurotrophin-3 
in nerve-injury induced sprouting [77] and showed 
that knockdown of c-fos can inhibit inflammation- 
induced regulation of neuropeptide gene expression 
[78], 

3. Mechanism of action 

Antisense inhibition of gene expression relies 
upon the rules of nucleic acid base pairing. An ASO, 
typically 15 to 25 nucleotides in length, is designed 
to bind to a complementary sequence on the target 
RNA, As a consequence, the protein product coded 
by that particular RNA is not synthesized. The 
mechanisms by which ASOs inhibit protein expres- 
sion fall into two major categories: cleavage of 
mRNA by activation of RNase H and steric blockade 
[79,80]. The contribution of these mechanisms to the 
action of individual ASOs is influenced by their 
chemistry and the location of the targeted sequence 
within the RNA molecule. 

RNase H is an enzyme that degrades the RNA 
strand of a DNA-RNA duplex. Upon binding of 
ASOs to RNA, an RNA-DNA duplex is formed and 
RNase H digests the RNA that the antisense com- 
pound has hybridized with. As the original antisense 
compound remains intact, the ASO is free to target 
and bind with another strand of RNA. This process 
can be repeated over and over, allowing one oligo- 
nucleotide (ON) to cause the cleavage of multiple 
RNAs [79,80]. Two types of mammalian RNase H 
enzymes have been identified: RNase HI is thought 



to participate in replication whereas RNase H2 may 
play a role in transcription [81]. The limited in- 
formation available on the relative contribution of 
the two enzymes to antisense effects suggests that 
RNase H2 is the major player and its cellular 
localization is likely to differ in different cell types 
[82]. The relevance of RNase H-dependent degra- 
dation of ASO-targeted genes in the central nervous 
system (CNS) has been addressed in a study show- 
ing that the in vivo activity of ASOs against CRF2 
was lost when the ASOs were modified to no longer 
support RNase H activation [83]. However, the 
expression, activity and role of RNase H in neurons 
have not been examined directly. 

Non-RNase H-dependent mechanisms of ASO- 
mediated knockdown are typically ascribed to steric 
blockade of RNA. Binding of an ASO to RNA has 
been proposed to interfere with numerous RNA 
processing events, possibly leading to one or more of 
the following: inhibition of 5 '-capping, modulation 
of splicing, inhibition of 3'-polyadenylation, transla- 
tional arrest and the disruption of critical RNA 
structure(s) [79,80,84,85]. 

On a practical level, it is important to be aware of 
the different mechanisms of ASO action. First, some 
DNA analogues result in the formation of ASO- 
RNA duplexes which are not substrates for RNase H. 
Thus, a sequence may show activity when syn- 
thesized using one type of DNA analogue but not 
another. Second, if an ASO elicits its effects solely 
through steric mechanisms it may reduce expression 
of a target protein without affecting mRNA levels. 
Therefore, validation of knockdown limited to 
mRNA measurement would fail to detect any ASO 
activity. Finally, ASOs acting through non-RNase 
H-dependent mechanisms may have effects other 
than knockdown of expression. Examples include 
inhibition of the expression of one splice variant 
while enhancing the expression of another [85] and 
potentiation of expression of a targeted gene through 
increased RNA stability [84]. 

4. Comparison to other gene and protein 
targeting methods 

Alternative technologies for inhibition of protein 
expression or function include the use of ribozymes, 
RNAi, viral vectors, sequestering antibodies and 
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knockout and /or transgenic animals. Ribozymes are 
somewhat analogous to ASO in that they rely on 
complementary base pairing for targeting and have 
the ability to control both the onset and termination 
of the treatment period. However, unlike ASOs, they 
also act as enzymes, directly cleaving the target 
RNA. The use of ribozymes in vivo is largely 
unexplored. The potential of RNAi for long-term 
gene silencing has been demonstrated in mammalian 
systems in vitro [86,87] and in vivo [88] has stirred 
excitement about its application as a functional 
genomics tool. However, we are very much at the 
beginning of exploring the utility of RNAi, par- 
ticularly in the CNS. Direct comparison of RNAi- 
and ASO-mediated knockdown suggested many 
similarities between the two approaches [89]. Use of 
viral vectors to modulate gene function continues to 
grow in popularity as the methodologies become 
more approachable. Viral vectors have been applied 
successfully in pain-related studies (for a review see 
Ref. [90]), One disadvantage of this approach is the 
inability to terminate activity, although this limita- 
tion may become less relevant with continued ad- 
vances in gene delivery methodologies. Sequestering 
antibodies have been used successfully in pain 
models (for example see [91]) but their availability 
is limited. 

Currently the most common method for the 
evaluation of gene function in vivo is the use of 
knockout and /or transgenic animals. Table 1 outlines 

Table 1 

Knockdown versus knockout /transgenic 
Antisense technology 

Applicable in a wide range of species, including huraans 
Effects are fully reversible 
Less expensive 

Rapid: experiments can begin within weeks of conception 

Does not require use of special equipment or facilities 

No confounding developmental effects 

Some risk for confounding compensatory effects 

Potential for simultaneous targeting of multiple genes 

Usually only achieves partial knockdown 

Animals must be generated de novo for each experiment 

but once a protocol is established it can be easily adapted to other targets 
Need to control for non-specific DNA effects 
High doses of antisense can have toxic effects 
Cannot generate over-expressers 
Can be used to target a gene before, during or after 

an experimental manipulation 
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some of the characteristics of antisense technology in 
comparison to knockout and /or transgenic models. 
This comparison is not meant to favor one method 
over the other but rather to present some of the 
relative advantages and disadvantages of each. The 
ongoing debate regarding the superiority of knock- 
down vs. knockout and other methodologies should 
be tempered by the following realizations: 

• All methods have inherent difficulties and limi- 
tations. 

• The decision to pursue one particular ex- 
perimental approach over others depends on 
many complex, case-specific factors. 

• Alternative methodologies should be viewed as 
complementary. 

5. Experimental design of in vivo antisense- 
based studies 

As is true with any method, success requires a 
good understanding of the technical advantages and 
limitations of the technology and problems are 
nevertheless inevitable. Many groups have invested 
resources in ASO-based experiments and have been 
frustrated by uninformative, uninterpretable, mislead- 
ing or simply irreproducible results. The failure of 
the ASO technology to live up to its potential can be 
attributed in large part to the plethora of technical 



Knockout /transgenic technology 

Currently limited to a few species (i.e., mice, pigs) 
Effects are not generally reversible with current technology 
More expensive 

Development can be very slow, particularly when accounting for back-crosses 

Requires use of a lot of specialized facilities 

Potential exists for confounding development effects 

High risk for confounding compensatory effects 

Targeting of multiple genes possible but laborious 

Total obliteration of gene product 

Once a line is established the number of subjects is restricted only 
by breeding and genotyping expenses but is limited to one target 

Need to control for developmental and compensatory effects 

Knockout of some genes produces a lethal phenotype 

Generation of ovCT-expressers is common 

Although under development, conditional knockout 
technology is not yet mainstream 
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issues that must be addressed when designing an 
ASO-based experiment. Among the critical issues 
are sequence activity and selectivity, ON stability, 
proper use of controls, route of administration and 
uptake, dose-dependence, time-course and adequate 
evaluation of knockdown. Careful consideration of 
all these technical aspects is essential for successful 
ASO-based studies. Table 2 presents examples of 
experimental design parameters, the resultant knock- 
down in expression and the in vivo models used for 
selected pain-relevant studies from the discussion in 
Section 2. It is intended to illustrate the many 
variations in target class, design, application and 
efficacy of knockdown. The abbreviations used in 
Table 2 are defined in the relevant topical segments 
throughout Section 5. 

5.1 . Antisense oligonucleotide sequence selection 

Of the many factors influencing the success of 
antisense treatment, identification of active ASO 
sequence(s) is the most critical and cannot be over- 
emphasized. Improved methodologies can only 
potentiate the activity of weaker sequences that 
would otherwise fall below detection levels [92]. 
Estimates suggest that between 5 and 15% of 
randomly selected ASOs will be sufficiently active at 
a target gene to generate meaningful results [93-96]. 
This is largely due to the inaccessibility of most of 
the RNA molecule for ASO binding as a conse- 
quence of its complex secondary structure. Further- 
more, associations with cellular proteins will render 
additional regions unavailable for binding. Although 
there are methods that increase the probability of 
finding active sequences, the current state of knowl- 
edge is such that at some level sequence identifica- 
tion remains a hit or miss process. 

A comprehensive review of the literature by Tu et 
al., showed that 82% of published antisense studies 
(up to September 1997) reported data from just a 
single ASO [96]. In addition, often there is no 
information on the process or rationale for the 
selection of the sequence, suggesting that the ASO 
design was based on a **lucky strike** rather than a 
systematic approach. The seeming incongruity be- 
tween this statistic and the probability of randomly 
hitting upon an active sequence has raised concerns 
about the integrity of many of those studies [93], yet 



this judgment may be overly harsh for several 
reasons: First, there is an inevitable publication bias 
as studies using inactive ASOs are unlikely to be 
published because no insights into biological pro- 
cesses will have been obtained. (This situation 
should not be confused with biologically active ASO 
studies in which knockdown is achieved but no 
phenotype is observed). Second, it is generally not 
common practice to report the inactive ASOs that 
were rejected before an active sequence was found, 
just as a medicinal chemist may not report all the 
derivatives of a compound that lack activity. 

The most conservative strategy for ASO sequence 
identification is the process of gene walking. An in 
vitro assay is first established to quantify mRNA 
and/or protein expression of the target. A series of 
ASOs complementary to the target RNA are then 
designed by walking along the gene. The entire 
sequence is covered and all the ASOs are screened 
for biological activity. Those that show activity may 
then be further evaluated for specificity, potency and 
maximal efficacy. It is not uncommon in industrial 
settings for hundreds of ONs to be screened per 
gene. In a recent report by Sewell et al., 264 
sequences were screened to identify an optimal anti- 
TNFa ASO [97]. One of the major hurdles en- 
countered in this strategy is the development of an 
efficient screening system. This requires a suitable 
cell line that either endogenously expresses or can be 
transfected with the target gene, the optimization of 
ON transfection conditions in that cell line and an 
assay for the detection of knockdown. In addition, 
the expense of synthesizing the many ON sequences 
required by this method may be cost prohibitive. 

A novel strategy developed by Hoen et al. may 
facilitate the in vitro evaluation of antisense se- 
quences [95], The authors created a green fluorescent 
protein (GFP) fusion construct of their target gene. 
This construct was then transfected into a cell line. 
Exposure of the cells to ASOs simultaneously re- 
duced the expression levels of the target gene and 
GFP. Thus GFP serves as a reporter for ASO-me- 
diated decreases in the expression of the target gene. 
Major advantages of this method are that it can be 
applied to any gene independent of its function and 
that the evaluation of knockdown (i.e., flow cytom- 
etry for GFP) is rapid, quantitative and does not 
require development of a novel gene-dependent 
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assay. However, the possibility remains that the 
addition of GFP may change the secondary structure 
of RNA, resulting in different accessible sites than 
the native gene. 

It is important to note that in vitro efficacy does 
not necessarily predict nor guarantee in vivo effic- 
acy. The RNA structure, the complement of acces- 
sory proteins and the regulation of the target gene 
may be different in vivo than in the in vitro 
screening system. This is especially true if the 
selection is performed using a cell free system where 
none of the normal RNA-binding proteins are pres- 
ent. Furthermore, the percent activity demonstrated 
in vitro might not predict the percent knockdown in 
vivo. Specific details such as the cell line, the type of 
ONs (i.e., unmodified vs. chemically modified 
DNA), the efficiency of uptake and the dose will all 
impact the level of activity in vitro. Similarly, the 
interaction of complex factors such as chemical 
modifications, dose, route of administration and 
diffusion will profoundly influence the degree of 
antisense activity in vivo. If, for example, a series of 
potential ASOs are tested and the best one is only 
able to reduce expression by a third, it is possible 
that the same sequence might be significantly more 
efficacious in vivo or under different in vitro con- 
ditions. Thus, the use of arbitrary cutoff (i.e., 50 or 
75%) to discard ASOs with low in vitro activity 
levels may lead to the exclusion of active ASOs. The 
potential for discrepancies between in vivo and in 
vitro efficacies does not discount the possible bene- 
fits of selecting active ASOs in an in vitro system 
provided such a system is easily available, is opti- 
mized and models closely the cell types to be 
targeted in vivo (for example, using neuroblastoma 
cell lines for CNS targets). Under these conditions 
failure to detect in vivo activity of ASOs that were 
active in vitro would be likely due to other factors 
such as dose or uptake and efforts can therefore be 
focused on addressing these other variables. 

Central to the identification of active ASOs is the 
characterization of accessible sites on the RNA of 
the target gene [92]. Computer-based strategies have 
been developed that involve assessment of the free 
energy requirements for hybridization and evaluation 
of computer-predicted local RNA secondary struc- 
ture [98-100], In addition, a number of empirical 
methods have been described, typically based on the 



use of random ON libraries or arrays to identify 
accessible regions on the target RNA [101-105]. 
There are also approaches for identification of active 
ASO that are independent of characterization of 
accessible sites. Several groups have performed 
comprehensive literature surveys to identify se- 
quence motifs which are positively or negatively 
correlated with antisense activity [96,106]. In one 
study the sequence motif GGGA was found in a 
disproportionate number of successful sequences. 
When this motif was then used to select ASOs to a 
specific gene, the proportion of active ASOs in- 
creased from 2/18 when randomly selected to 18/25 
[96]. Some of these computer-based tools have been 
made available on-line (for example, see Refs. 
[107,108]). 

Over the years the experimental use of ASOs has 
resulted in the generation of "rules'* for sequence 
design including: avoid sequences with G-quartets, 
avoid sequences that contain the two-base sequence 
CpG (cytosine-phosphate-guanine), and favor ASOs 
which will hybridize in proximity to the start codon. 
G-Quartets (i.e., four G-bases in a row) result in the 
formation of a quadruplex which interacts with a 
number of proteins, causing non-specific effects [79]. 
Systemically administered phophorothioate ASOs 
containing the sequence CpG activate mammalian B 
cells and natural killer cells [109]. Immune system 
stimulation has therefore limited their use as anti- 
sense drugs. Interestingly, this immune response is 
only triggered when the CpG sequence is un- 
methylated. It is hypothesized that because the 
unmethylated version is common in bacterial DNA 
and not in mammalian DNA, the immune system 
interprets the unmethylated ON sequences as bacteri- 
al and activates a response to combat the **bacterial" 
invasion. In an interesting twist, these properties may 
be exploited for possible therapeutic benefits 
[110,111]. It should be noted, however, that the 
relevance of these phenomena to centrally adminis- 
tered ONs is not clear. Finally, the belief that ASOs 
directed near the area of the start codon are more 
likely to be active has yet to be substantiated by 
systematic studies. The seemingly disproportionate 
representation of such ASOs in the literature could 
easily be accounted for by the ubiquity of that 
particular strategy rather than any advantages that it 
may confer. 
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When ultimately deciding how to approach ASO 
design, it is worthwhile to investigate the services of 
commercial vendors. Considering the potential losses 
in productivity (it may divert a significant proportion 
of time from other projects), the ensuing distraction 
from the real biological questions and the expense of 
developing a reliable screening assay, the commer- 
cial price tags may seem more reasonable. In some 
cases, commercial vendors also offer access to 
proprietary DNA chemical modifications which may 
be advantageous. 

5.2. Antisense selectivity 

Next to the identification of a biologically active 
ASO, sequence selectivity is the second most im- 
portant factor to be considered in the design and 
interpretation of antisense studies. Part of the allure 
of antisense comes from claims of absolute selectivi- 
ty, yet there is surprisingly little evidence to support 
this contention. On the contrary, evidence exists 
which presents considerable challenges to this as- 
sumption. Woolf et al. studied the effect of mis- 
matches (substitution of bases that are not com- 
plementary to the target RNA) on the activity of 
ASOs in Xenopus oocytes [112]. Whereas an intact 
25-mer produced 79% degradation of the target 
mRNA, sequences with 17/25 and 14/25 matches 
resulted in 32 and 37% degradation, respectively. An 
unrelated control produced 13% degradation. Thus, 
mismatch of nearly half the sequence failed to 
completely eliminate ASO activity. The same study 
also concluded that as few as 10 consecutive com- 
plementary bases are sufficient to produce cleavage 
of a target RNA and that this is not prevented by 
mismatched flanking sequences. Thus, any 10-base 
stretch within an ASO could hybridize to any 
complementary 10-base stretch of RNA and produce 
non-selective effects. The implications of this study 
regarding the selectivity of antisense treatment are 
alarming. Hypothetically, assume that a 20-mer 
generally requires 6/20 base switches for complete 
loss of efficacy (a number commonly found in the 
literature). One must, therefore, also assume that a 
given 20-mer could potentially hybridize to and 
block the expression of any mRNA with which it has 
15 or more matches. Add to that the fact that any 



given 20-mer will contain 11 10-mers, each capable 
of binding to complementary RNA and non-selective 
antisense effects on genes that may or may not be 
related to the targeted gene become a very real 
possibility. Whether this theoretical prediction pre- 
sents grounds for concern in practice is difficult to 
assess at present. A thorough evaluation of potential 
non-selective antisense targeting would require a 
comparison of all possible combinations of (up to 
six) mismatches and 10-mers against the database of 
available sequences while taking into account RNA 
accessible sites. A further complication arises from 
the fact that the genome of the rat, the species of 
choice for many antisense studies, is not completely 
characterized. From a practical standpoint, the use of 
'*gapmer" ASOs (see Section 5.3), where the length 
of the RNase H-sensitive sequence is limited, can 
potentially reduce the risks of non-selective effects. 

Based on current standards, an ASO is generally 
considered to be selective if (a) it produces a 
functional effect, (b) mRNA or protein knockdown 
of the target is demonstrated and (c) control ONs 
have no effect on function or expression levels. This 
case is considered to be strengthened by the demon- 
stration that the expression and /or function of a 
completely unrelated gene is unaffected, but this 
observation only provides support for a lack of 
general toxicity or disruption of RNA synthesis 
following ON administration. In some cases it may 
not be possible to selectively target a specific 
subtype within a closely related family if it has 
limited unique regions and these regions are not 
sensitive to ASO treatment. In such cases, however, 
it may be possible to target a subset of the family 
members (i.e., subunit 1 and 2 but not 3) or to 
develop a pan-antisense which targets the entire 
family (for example, see Ref. [31]). 

In addition to inadvertent non-selective targeting 
due to sequence homology, knockdown of a target 
may be associated with changes in the expression, 
trafficking or function of other related or unrelated 
genes due to mechanisms such as co-regulation. This 
may result in assigning to the target functional 
properties that should be attributed to "non-selec- 
tively" affected genes. It is therefore important that 
the demonstration of knockdown of the target is 
accompanied at a minimum by evaluation of closely 
related genes. At present, the vast majority of 
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published papers fail to provide any evidence that 
closely related family members are unaltered by 
ASO treatment. This is particularly problematic in 
cases where the family members are known to have 
similar function and the goal of the study is to isolate 
the function of a single member from its close 
relatives [50,113-115]. The number of members in 
the family and /or the lack of appropriate tools may 
impose practical limitations on the number of rela- 
tives that can be examined. However, the identity of 
the family members most likely to complicate inter- 
pretation can be narrowed down significantly by 
taking into account what is known about their 
anatomical distribution and function. The Na^ chan- 
nels NaVl.8 and NaVl.9, for example, are the only 
TTX-r subunits expressed in sensory neurons [116] 
and upregulation of TTX-r currents in injured nerves 
contributes to their hyperexcitability [16]. Therefore, 
the demonstration that ASOs targeting NaVl.8 but 
not NaVl.9 had functional consequences in neuro- 
pathic pain models [20] suggests that the injury- 
related changes in TTX-r channels can be attributed 
to NaVl.8. In addition, the expression of two TTX- 
sensitive relatives was not altered by NaVl.8 ASO 
treatment [20]. Although a stronger case could have 
been made if NaVl.9 protein levels were also shown 
to be unaffected by ASOs targeting NaVl.8, the 
within family controls described above greatly sub- 
stantiate the interpretation of the findings. 

The level of complexity increases when consider- 
ing the consequences of targeting a member of a 
protein family that forms functional heteromers. The 
loss of a heteromeric "partner*' could have profound 
impact on the remaining partners, causing changes in 
expression, trafficking and subunit composition 
[117-119]. In the P2X family of ion channels, 
subunits P2X2 and P2X3 are known to form 
heteromers in sensory neurons. P2X3 homomers are 
also found in these cells but P2X2 homomers are not 
[2]. The role of the P2X3 subunit in chronic pain has 
been evaluated in both antisense and knockout 
studies. Changes in the expression level of the P2X2 
subunit were not evaluated in any of these studies 
[10-13]. Without controlling for changes in P2X2 
protein expression, many of the findings presented in 
these reports could have alternative explanations. For 
example, if P2X2 requires P2X3 for proper traffick- 
ing to axon terminals where it produces a functional 



1091 

effect, then it may be incorrect to attribute all 
functional changes directly to P2X3. Furthermore, 
loss of a subunit may cause formation of aberrant 
homomeric or heteromeric channels. It has been 
shown for both the GABA^ and the NMDA re- 
ceptors that ASO-mediated knockdown of certain 
subunits modulates the composition and properties of 
the remaining channels [117,118,120,121]. The re- 
sultant functional differences could therefore be due 
to the appearance of inappropriate channels rather 
than to the loss of a single subunit. 

The adequate evaluation of antisense selectivity 
has been hampered in part by the daunting mag- 
nitude of performing expression analysis of a large 
number of proteins. Recently developed approaches 
for large-scale expression profiling at the RNA and 
protein level offer the opportunity for comprehensive 
and efficient evaluation of the global effects of 
antisense treatment [122,123]. DNA microarray 
studies have reported ASO-mediated changes in the 
expression of tens to hundreds of genes in addition to 
the targeted transcript [124,125]. These changes were 
attributed to hybridization of the ASO to homolo- 
gous sites [124] as well as secondary effects on 
genes that may be functionally modulated by the 
targeted gene [125]. Understanding the global effects 
of antisense treatment is critical for its application as 
a functional genomics tool in drug discovery because 
they may impact the ability to predict the therapeutic 
potential of novel drug targets. Furthermore, the 
ability to analyze the global effects of ASO-mediated 
knockdown of pain-relevant proteins offers a novel 
application of ASOs to the study of pain and 
analgesia. For example, knockdown of a growth 
factor or a component of a second messenger 
pathway is likely to interfere with the expression of 
proteins regulated by the targeted gene. Therefore, 
large-scale analysis of protein expression following 
ASO treatment could provide information on sig- 
naling pathways downstream from the target gene. 

5.5. Oligonucleotide chemistry 

The use of unmodified phophodiester (PDE) ONs 
is generally not recommended. Their high suscep- 
tibility to nuclease degradation, resulting in a very 
short half-life, has limited their utility in most 
applications. The CNS, however, represents a special 
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case in which unmodified PDEs are stable enough to 
produce antisense effects. This is perhaps due to 
reduced nuclease activity in the CNS compared to 
peripheral tissues and serum. However, even in the 
CNS it is often necessary to deliver PDEs by 
continuous or repeated dosing to maintain active 
concentrations. Significant efforts have been made 
towards the development of modified ONs with 
increased stability, enhanced RNA binding affinity 
and reduced toxicity. Some issues to consider when 
evaluating the suitability of a particular chemical 
modification include binding affinity, stability, toxic- 
ity, uptake, mechanism of action, cost and availabili- 
ty. Of the hundreds of modifications that have been 
developed, those with the most relevance to the CNS 
are discussed below. 

3 '-Inverted 

One approach to increase ON stability has been to 
invert the polarity of the terminal bases [83], The 
assumption is that the 3 '-inverted end would be less 
susceptible to exonuclease-mediated ASO degrada- 
tion. The benefits of this modification have not been 
conclusively demonstrated. 

Phophorothioates 

The development of ONs in which the PDE bonds 
between nucleotide bases are modified to form 
phosphorothioate bonds has resulted in ONs with 
increased resistance to enzyme degradation while 
retaining RNase H induction. Often referred to as 
PS-ONs, phosphorothioate ONs have been very 
useful in in vitro systems and have been successfully 
applied in many in vivo studies. 

PS- ONs are more potent than PDE-ONs in the 
CNS [83,126]. In a comparative study PS-ONs and 
3 '-inverted PDE-ONs targeting the corticotrophin 
releasing factor type-2 receptor were administered 
intracerebroventricularly (i.e. v.). Whereas a single 
injection of 0.5 nmol resulted in a 50% reduction in 
CRF binding, PO-ONs needed to be given twice 
daily at a 10- fold higher dose to produce a 42% 
decrease. Unfortunately, PS-ONs suffer from a num- 
ber of serious limitations. They are notorious for 
having multiple non-antisense effects, probably due 
to their documented binding to many extracellular, 
cell surface and intracellular proteins [79]. To further 
complicate matters, these non-antisense effects may 



exhibit some sequence dependence, which can there- 
fore easily be mistaken for biological effects one 
might expect from inhibiting the target mRNA. The 
most serious problem, however, is their toxicity in 
CNS. For example, ix.v. administration of PS-ONs 
results in fever, weight loss and various symptoms of 
ill health [83,127,128]. These effects are independent 
of nucleotide sequence but are dose-dependent. In 
addition, intraparenchymal delivery of high doses of 
PS-ONs results in severe tissue damage characterized 
by cell loss and the appearance of lymphocyte-like 
cells in the damaged region [126]. PS-ON use in the 
CNS is therefore contraindicated. 

Endcap PDE-PS chimeras 

In an attempt to maintain some of the beneficial 
qualities of PS-ONs while reducing toxicity, 
chimeric ONs in which the first and last few bases 
are linked by PS bonds while the rest of the 
backbone is PDE have been tested. The rationale for 
"endcapping" is that the terminal PS linkages confer 
resistance to exonuclease activity. Endcap ONs 
exhibit similar efficacy to fully phosphorothioated 
ONs with reduced toxicity, although they do result in 
some cell damage [126]. In a related approach, the 
middle eight bases of a PDE-ON were replaced with 
PS linkages to protect the ASO against endonuclease 
activity. These chimeras were well tolerated for up to 
9 days and demonstrated significant efficacy [83]. In 
another study, both endcap ONs and a 15-mer with 
five PS residues in the center showed signs of 
toxicity following intraparenchymal injection, albeit 
less severe than fully phophorothioated ONs [129]. 
Thus, although PDE-PS chimeras have higher effica- 
cy than PDEs and are less toxic than PS-ONs, the 
toxic effects limit their utility. 

Peptide nucleic acids (PNAs) 

PNAs are ON analogues in which the deoxyribose 
phosphate backbone is replaced by a neutral poly- 
amide backbone. They are resistant to nuclease 
activity and form more stable DNA/DNA and DNA/ 
RNA complexes [130]. Initially it was thought that 
the utility of PNAs would be limited by poor cellular 
uptake. Efforts were therefore made to couple them 
to transporter peptides to enhance uptake. This 
approach was used successfully to decrease expres- 
sion of the galanin receptor GalRl following in- 
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trathecal (i.t.) delivery of PNAs [55]. It was later 
shown, however, that PNAs could be delivered 
intracellularly to neurons without transporter pep- 
tides following direct injection into the PAG [62] and 
that i.t. administered unmodified PNAs could inhibit 
GalRl without uptake enhancers [56]. Thus, uptake 
into neurons did not appear to be a limitation of 
PNAs. Furthermore, it was demonstrated that sys- 
temically (10 mg/kg; i.p.) administered PNAs could 
cross the blood brain barrier and reduce gene expres- 
sion in the PAG [63]. However, in another study 
using a transgenic mouse model in which ASOs 
correct aberrant splicing of EGFP (enhanced green 
fluorescence protein), systemically administered 
PNA-ASOs did not have a CNS effect [131]. Finally, 
PNAs are not substrates for RNase H and their 
effects may be more complex than just knockdown 
of the targeted gene. For example, PNA ASOs have 
been shown to alter the splicing of the interleukin-5 
receptor- alpha chain; the expression of the mem- 
brane-bound isoform was inhibited whereas that of 
the soluble one was enhanced [85]. 

Locked nucleic acids (LNAs) 

LNAs are ribonucleotides in which the 2 '-oxygen 
of ribose is connected to the 4' -carbon by a methyl- 
ene bridge. LNAs dramatically increase the stability 
and binding affinity of ASOs [132]. Tlie melting 
temperature of an unmodified PDE ASO targeting 
DORl increased fi-om 59 ''C to >90°C when fully 
LNA-modified [129]. Although fully LNA-modified 
ASOs do not activate RNase H, LNA:DNA:LNA 
gapmers (see below) are potent activators of RNase 
H. LNAs have been delivered to the CNS by i.t., 
i.c.v. and intrastriatal administration [129]. Spinally 
delivered LNA:DNA mixmers and gapmers were 
found to be more potent than unmodified PDE-ONs 
and fully-LNA modified ONs showed no signs of 
toxicity following intraparenchymal administration 
[129]. 

Gapmers 

Gapmers are ONs which consist of a PDE or PS 
center flanked by modified nucleotides. The modified 
ends of the gapmers result in increased stability 
and /or RNA affinity while the stretch of PDE or PS 
monomers in the center confers ability to activate 
RNase H. Chemical modifications that have been 
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used for gapmer design include LNA, PNA, and 
replacement of the hydrogen at the 2' -position of 
ribose by a methyl (2'-0Me) or methoxyethyl (2'- 
MOE) group [132,133]. Whereas a center stretch of 
seven or eight PS monomers are required for 
LNAiDNA activation of RNase H, 2'-OMe gapmers 
require only six [132]. To date there is no evidence 
of gapmer-mediated toxicity. LNA and 2'-M0E 
gapmers have been used in vivo in pain-related 
studies [12,13,129]. Although the 2'-M0E modi- 
fication is not available for general use, the related 
2'-0Me modification is commercially available and 
2'-0Me gapmers have been shown to target success- 
fully the capsaicin receptor VRl in vitro [132]. 

5.4, Controls 

Controls are a crucial component of any ex- 
perimental design. In antisense studies, inactive 
DNA sequences are used to control for the specificity 
of the treatment. There is currently little to no 
agreement regarding the most appropriate DNA 
controls. It is well known that ON administration 
may have non-specific effects in addition to the 
desired antisense-mediated knockdown in expression 
of the target gene. Many of these effects are difficult 
to predict and/or explain given our current knowl- 
edge and are highly dependent on the specifics of 
each experiment (e.g., chemistry, route of adminis- 
tration, dose). 

Administration of ONs to the CNS, regardless of 
sequence, may result in increased body temperature, 
reduced fluid intake, weight loss, decreased motor 
activity, changes in nociceptive thresholds, neuronal 
loss, induction of interleukin-6 and infiltration of 
lymphocyte-like cells as well as other signs of 
general sickhness [83,126,129,134,135]. The nature 
and intensity of these effects varies with many 
factors such as dose, route and duration of adminis- 
tration and ON chemistry. The inclusion of the 
proper controls is therefore essential for the interpre- 
tation of antisense experiments. 

Oligonucleotide effects can be sequence-depen- 
dent, sequence-related and sequence-independent 
[136]. Sequence-dependent effects include hybridiza- 
tion to the target mRNA and the inadvertent target- 
ing of homologous mRNAs. Sequence-related effects 
do not have an antisense-based mechanism but are 
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associated with specific DNA motifs and/or the 
formation of secondary or higher-order structures, 
such as guanosine-quartets, CpG motifs or palin- 
dromic sequences [93,109,137]. Sequence-indepen- 
dent effects arise from the chemical properties of the 
ONs. The use of the term non-specific effects often 
encompasses all effects of an ON not attributable to 
an antisense-based action at the target gene. How- 
ever, since sequence-dependent and sequence-related 
effects may have a specific mechanism of action. 



such as affinity for a related mRNA, the term non- 
specific will only be used here to describe sequence- 
independent effects. It should be noted that the 
contribution of sequence-independent effects to the 
observed effects of ASO-treatment can only be 
adequately evaluated based on comparison of the 
DNA control group to a vehicle control group. The 
importance of vehicle controls is further discussed in 
Section 5.7. 

Many types of DNA controls have been used in 



Table 3 

Advantages and disadvantages of DNA controls 



Mismatch 



Advantages 



Disadvantages 



Scrambled 



Reverse 



Sense 



Universal 



Targeting of unexpressed 
or unrelated genes 



Non-expressing cells 
Additional ASO sequences 



Isosequential modified 
ASOs as controls 



Can perform mismatch vs. function studies 
May control for problematic motifs 
Control for physical properties such as size 
and base composition 



Will not hybridize with target mRNA 
Control for physical properties such as size 
and base composition 

Will not hybridize with target mRNA 

May control for some problematic motifs (if not 

orientation sensitive) 

Control for physical properties such as size 
and base composition 
Easy to design 

Easy to design 



No design necessary 

Excellent control for sequence-independent 
effects 



Control for sequence-independent effects 



Useful in vitro to demonstrate selectivity of ASO 

Provides multiple converging lines of support 
for experimental findings 



Control for non-specific effects 



Potential residual hybridization at target 
Potential hybridization at non-target genes 
Possible appearance of problematic motifs 
Results may be difficult to interpret 
Difficult to design 

Potential hybridization at non-target genes 

Appearance of and /or failure to control for problematic motifs 

Difficult to design 

Potential hybridization at other genes 
Appearance of and /or failure to control 
for problematic motifs 



Potential hybridization at other genes 

High incidence of unexplained biological activity 

Appearance of and/or failure to control for problematic motifs 

Not well represented in literature 

Failure to control for problematic modfs and 

most other physical properties such as base composition 

Potential for confounding effects unexplored 

Failure to control for problematic motifs and most 
other physical properties such as base composition 
An "unrelated" or "unexpressed" gene may mm out 
to be "related" and/or "expressed" 

Not useful in vivo 

Increased use of resources 

Difficult to find multiple unique active sequences 

against a target gene 

The use of additional chemistries may require changes 
in protocols and could become very labor intensive 
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antisense studies and each one has its own peculiar 
share of advantages and disadvantages. It is therefore 
important when designing or evaluating antisense 
studies to be cognizant of the limitations of the 
different types of DNA controls. In general, DNA 
controls should be of the same length and chemistry 
as the ASO and should lack homology to other 
known genes. In addition, motifs such as G-quartets 
must be equally present or absent in both antisense 
and control ONs. Table 3 and the discussion below 
highlight some of the key issues to consider for the 
commonly used DNA controls. 

Mismatch oligonucleotides as controls 

Mismatch (MM) DNA controls, in which several 
pairs of bases within the antisense sequence have 
been swapped, are common in the literature. The 
primary advantage of MM controls is the retention of 
many properties of the active ONs such as molecular 
weight and GC content. In addition, MM ONs may 
retain problematic sequence motifs and higher-order 
structures characteristic of the ASO sequence. Thus, 
both sequence-related and sequence-independent ef- 
fects may be accounted for. 

The main disadvantage of MM controls is the 
potential for residual activity at the target gene, 
which can compromise interpretation of the results. 
If, for example, an experiment is performed in which 
a MM control produces a partial effect, it would not 
be possible to distinguish between the following 
possibilities: (1) the partial effects are due to residual 
affinity at the gene of interest (sequence-dependent). 
(2) The partial effects are due to the inadvertent 
targeting of a related or unrelated gene (sequence- 
dependent). (3) The partial effects are due to a 
specific motif that may or may not be present in the 
ASO sequence (sequence-related). (4) The partial 
effects are due to general toxicity of the compound 
itself (sequence-independent). 

The potential for residual hybridization at the 
target gene raises the question of how many bases 
need to be switched to eliminate target-specific 
hybridization. As discussed above in Section 5.2, it 
has been suggested that mismatch of nearly half the 
sequence may fail to eliminate the ASO activity 
[112]. In another study a mRNA was targeted by 
four different active ASOs, each with their own 
mismatch controls. While all four ASOs inhibited 
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mRNA levels, two of the MM controls had partial 
efficacy and two lacked efficacy, highlighting the 
variable nature of MM controls. The number of 
switches necessary to eliminate hybridization is 
currently theoretically unpredictable and will depend 
on many complex factors, including the affinity of 
individual ASO for their RNA binding site, the 
location of the mismatches (mismatches at the 5' or 
y ends are less effective than those in the middle), 
the type of base (some substitutions will have greater 
effects on hybridization affinity than others) and the 
total number of bases swapped. 

In light of the limitations described above, the use 
of MM ONs as controls is therefore not advisable. In 
the event that it is necessary to use MM ONs to 
account for a problematic motif, examination of a 
series of MM ONs with increasing numbers of 
switches should ideally be employed, A correlation 
between the number of misplaced bases and loss of 
function strongly supports a sequence-specific mech- 
anism of action for the ASO [138,139]. Alternative 
approaches include generating multiple MM con- 
trols, in which independent base pairs are swapped 
or combining MM with another type of control (i.e.. 
Universal, see below). An unavoidable consequence 
of the above-mentioned strategies, however, is an 
increase in the expense of each experiment. 

Scrambled oligonucleotides as controls 

A veiriation of the mismatch approach is to design 
a control ON by completely scrambling the ASO 
sequence. Scrambled ON controls, in maintaining the 
GC content of the ASO, share many of the advan- 
tages of MM controls but are free of lingering 
questions regarding residual hybridization at the 
target or closely related genes. However, they do 
share some of the other disadvantages of MM 
controls such as the unpredicted inadvertent hybridi- 
zation to unrelated genes. A limitation of scrambled 
controls is the failure to control for problematic 
motifs that may be present in the ASO such as 
G-quartets. 

Reverse oligonucleotides as controls 

Reverse ONs are prepared by synthesizing an 
ASO sequence in reverse. The reverse control for an 
ASO reading 5'-ATCCG-3' would be 5'-GCCTA-3'. 
Reverse controls share the same advantages and 
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disadvantages with scrambled controls but are easier 
to design. However, since the sequence is predefined 
by the ASO sequence, the use of reverse controls is 
limited by their potential homology to other genes. 

Sense oligonucleotides as controls 

Sense controls are those complementary to the 
ASO and identical to the mRNA target. The sense 
control for an ASO reading 5'-ATCCG-3' would 
therefore be 5'-CGGAT-3'. There are many dis- 
advantages to their use including the failure to 
control for problematic motifs (i.e., GGGG becomes 
CCCC). TTiere is a prevailing view that sense 
controls produce biological effects at a higher fre- 
quency than can be attributed to sequence-indepen- 
dent effects alone [136]. Despite the lack of hard 
data supporting this notion, sense controls have little 
advantage over other control sequences and therefore 
can be avoided. 

Universal or ^'randomer" oligonucleotides as con- 
trols 

Universal control DNA consists of a mixture in 
which the probability of an A, T, G or C being 
inserted at each position is equal. The result is a 
mixture of low concentrations of all possible se- 
quences. This mixture is an excellent control for 
non-specific effects such as DNA toxicity. Other 
advantages include ease of design and the ability to 
control for multiple antisense sequences simultan- 
eously. However, our lack of knowledge regarding 
the potential effects of low levels of DNA hybridiz- 
ing to many mRNAs simultaneously is a cause for 
concern. 

Antisense targeting unexpressed or unrelated 
genes as controls 

The inclusion of an ASO known to be active 
against a gene not expressed in the experimental 
system can be used as a control (i.e., targeting 
luciferase in rat spinal cord). A negative result with 
an ASO that is active in other systems is considered 
by some to provide stronger support for selectivity 
than would a scrambled or reverse control. However, 
from the perspective of the spinal cord, a sequence 
with activity at luciferase looks no different from 
scrambled except in its failure to control for GC 
content-related factors such as molecular weight or 
hybridization strength. These controls are therefore 



less advantageous than scrambled or reverse. In an 
extension of this strategy, genes that are expressed in 
the experimental system but are thought not to be 
involved in the phenomenon under investigation 
could be used as controls. In the event that knock- 
down of the unrelated gene is validated yet has no 
functional effect in the experimental assay, specifi- 
city will have been well demonstrated. However, 
identification of a candidate "inert" gene is proble- 
matic and in the event that the control has partial 
efficacy the experiment would be uninterpretable. 

Non-expressing cells or knockouts as controls 

One can test for non-specific effects of an ASO in 
a system where the target gene is not present. This is 
particularly applicable to in vitro systems in which 
the target gene is being artificially expressed. In such 
cases, the effect of ASO- treatment in untransfected 
cells can be compared to those expressing the target 
gene. Any additional effects observed in the trans- 
fected cells would be considered to be antisense- 
mediated and sequence specific. However, this ex- 
periment would not control for the potential emer- 
gence of undesired sequence-dependent effects in 
vivo. Consider, for example, a situation in which 
genes closely related to the target mRNA are ex- 
pressed in vivo but not in the in vitro system. The 
potential for cross-reactivity between related genes 
will be missed in vitro. In addition, in vitro assays 
will not control for non-sequence dependent effects 
that might arise in vivo such as toxicity at the site of 
administration. There are currently no published 
reports of ASO-treatment in a knockout animal. 
Ideally, the antisense should have no activity com- 
pared to DNA controls since the target gene is 
absent. Any other result would be difficult to inter- 
pret. 

Additional antisense sequences as controls 

The ability to demonstrate similar effects with 
multiple ASOs targeting the same gene strongly 
supports an antisense-based mechanism of action if 
and only if the potential for non-specific effects has 
been convincingly eliminated with appropriate DNA 
controls. 

Is sequential antisense oligonucleotides as con- 
trols 

If the same ASO, synthesized with two different 
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chemistries, decreases expression of the target gene 
and produces a consistent biological phenotype in 
independent experiments, it would be considered 
highly unlikely that the ASO-mediated effects were 
non-specific. However, this type of experiment 
should be considered complementary to and there- 
fore only used in addition to proper DNA controls. 

5.5. Route of administration 

ONs are unable to penetrate the blood-brain 
barrier and are delivered to the CNS either i.t., ix.v. 
or intraparenchymally using chronic indwelling 
catheters. Due to limited diffusion [140-1421, these 
approaches target a relatively small area in proximity 
to the catheter or cerebral ventricles. Another major 
disadvantage of these approaches is their invasive- 
ness, which can result in non-specific effects. Be- 
havioral assays are particularly sensitive to the stress 
and discomfort associated with invasive surgeries. 
Potential non-invasive alternatives for antisense ad- 
ministration to the CNS include intranasal delivery 
[143-145] and systemic delivery of stable 
chemically-modified ASO to the CNS 
[61.63,146,147]. Finally, transcutaneous administra- 
tion may be useful for delivery to sensory neurons 
via their peripheral terminals [148]. 

Intrathecal delivery is the most common route of 
administration used in pain-related antisense studies. 
It is usually accomplished via a chronic indwelling 
catheter [149], although many groups employ direct 
lumbar puncture, particularly in mice [150]. The 
primary limitations of the direct lumbar puncture 
method for antisense studies are the need for re- 
peated injections and the skill of the injector. Since 
the injector should be blind to the treatment groups 
and no clear functional readout for successful in- 
jection is immediately available, the injector must 
have demonstrated a consistently high ( > 90%) 
success rate. 

In rats and larger animals i.t. delivery is almost 
always accomplished using catheters. The exposed 
end of the catheter can be used for bolus injections 
or can be attached to an osmotic pump for slow 
infusion over time. A direct comparison between 
bolus injections and minipump delivery of ASOs 
noted significantly greater ASO uptake in dorsal root 
ganglia (DRG) cell bodies following slow infusion 
[13]. This method also requires less involvement of 
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technical staff and causes less stress in the animals. 
There are two main approaches to catheter place- 
ment. The most commonly used is to extend the 
catheter from the cistema magna to the rostral end of 
the lumbar enlargement. Although animals catheter- 
ized in this manner do not have overt pain symp- 
toms, there are signs of compression injury to the 
spinal cord as well as formation of scar tissue around 
the end of the catheter [151]. A more recently 
developed method inserts a catheter at the level of 
the lumbar enlargement using direct lumbar puncture 
[152]. This method is preferable for both humane 
and scientific reasons but is currently more labor 
intensive. 

The position of the catheter relative to the dorsal 
and ventral horns of the spinal cord varies con- 
siderably. Given the observation that dorsally placed 
catheters result in ASO effects in dorsal but not 
ventral horn [51], ventrally placed catheters are 
unlikely to result in knockdown of proteins ex- 
pressed in the superficial dorsal horn. Therefore, 
inclusion of animals with ventrally or laterally placed 
catheters is likely to contribute to increased vari- 
ability in pain-related antisense studies. The location 
of the catheter can be determined using lidocaine 
prior to functional analysis [54] or using post-mor- 
tem analysis [51] and only animals with dorsally 
placed catheters should be included in the analysis. 

5.6. Oligonucleotide uptake 

ASOs are readily taken up in the CNS without the 
aid of uptake enhancers. The presence of ASO in 
sensory neurons following i.t. administration has 
been visualized using fluorescent probes and anti- 
bodies recognizing chemical modifications [13,19]. 
However, the series of events that deliver the anti- 
sense from its point of infusion to the sensory 
neurons as well as the factors that influence these 
events are unclear. Although the extent of diffusion 
of ASOs within the i.t. space is uncharacterized, it 
appears that the ASO effect is restricted to the region 
caudal to the catheter [19]. The effect of the rate of 
infusion is unknown, but this factor is likely to 
influence the effective concentration of ASO at the 
site of action throughout the treatment. The precise 
site(s) of neuronal uptake of ASO after i.t. adminis- 
tration has not been determined; possibilities include 
the central terminals in dorsal horn, the dorsal roots 
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or the DRG cell bodies. Furthermore, the relative 
degree of ASO uptake in DRG neurons versus spinal 
cord neurons has not been characterized. However, 
uptake of fluorescently tagged ONs has been shown 
in spinal cord [22] and antisense has been used to 
successfully target proteins expressed in dorsal horn 
[23,50], indicating that ASOs have access to spinal 
cord neurons. From a practical standpoint, factors 
that should be considered when choosing a probe for 
the visualization of ASO delivery include the stabili- 
ty of the ON and the stability of the probe under the 
experimental conditions (e.g., structural integrity at 
body temperature, resistance to enzymatic cleavage, 
compatibility with fixation). 

Comparison of the in vivo uptake efficiency of 
ASOs with different chemical modificafions may 
help elucidate these mechanisms and optimize the 
experimental design of antisense studies. For exam- 
ple, in vitro it has been demonstrated that in the 
absence of uptake enhancement, cationic (e.g., PNAs 
with four lysines at the 3' end) and neutral (mor- 
pholinos) ASOs cross the cell membrane more 
efficiently than negatively charged ASOs (2'-MOE) 
[153], Increased uptake of PNAs containing 4 lysines 
at the 3' end has also been demonstrated in vivo 
[131]. 

Systematic comparisons of technologies designed 
to enhance cellular uptake of DNA in vivo are 
needed to optimize ASO delivery. Liposomal carriers 
are commonly used in vitro to facilitate uptake and 
many of these preparations are commercially avail- 
able. Due to differences in their properties, it may be 
necessary to test several sources before identifying 
the best preparation for each in vitro system [89]. 
Although it has been shown in at least one study that 
liposomes did not facilitate ON uptake in the CNS 
[22], comprehensive screening of different prepara- 
tions would be required to identify a potentially 
useful one. Furthermore, given our incomplete un- 
derstanding of the mechanisms of ON uptake in the 
CNS, it is not possible to predict if the use of 
liposomes will confer any advantage. 

An interesting strategy for uptake enhancement is 
the conjugation of ONs to carriers that may facilitate 
endocytosis. The conjugation of ONs to cell penet- 
rating peptides has been shown to enhance ON 
delivery to the nucleus in vitro [154]. The potential 
of these methods for in vivo delivery in the CNS, 



however, remains to be fully explored. Furthermore, 
there is evidence that these peptides contribute to 
non-specific effects [124]. In another approach, 
' biotinylated ONs were bound to a transferrin re- 
ceptor monoclonal antibody-streptavidin (mAb-SA) 
conjugate [146,147]. Upon binding to the antibody, 
the transferrin receptor underwent receptor mediated 
endocytosis across the blood brain barrier, delivering 
systemically administered ONs into the CNS 
[146,147], An alternative strategy, which may con- 
tribute to increased uptake as well as cell-specific 
targeting, is to conjugate the ON to a ligand which 
binds to a receptor expressed by the targeted cell 
type, thus inducing endocytosis. In one example, 
ONs were covalently bound to a glycoprotein which 
caused receptor-mediated internalization in the target 
cells [155]. It should be noted that the benefits of 
increased uptake of carrier-ON conjugates may be 
compromised by intracellular trafficking such as 
trapping in endosomes, which would limit the access 
of ONs to their site of action [156], 

5.7. Oligonucleotide dose 

In the famous Indian fable "The Blind Man and 
the Elephant'*, a group of blind men were assembled 
and each was presented a part of an elephant: the 
head, ears, tusk, trunk, foot, back, tail or tuft, and 
then asked to describe what sort of thing an elephant 
is. In describing just the part of the animal that they 
had access to, their descriptions were all simul- 
taneously partially correct and completely wrong. In 
pharmacology, conclusions based on analysis of a 
single dose point are analogous to the blind men's 
descriptions of the elephant: simultaneously partially 
correct and completely wrong. In the pain-relevant 
literature there are surprisingly few studies examin- 
ing the effects of ON dose and dosing schedule in 
vivo. As a result, the impact of these factors on 
antisense treatment in the CNS is unknown. It is 
known, however, that the therapeutic window might 
be narrow and that the dose range and ideal dosing 
schedules will change with chemistry, route of 
administration, the target gene and the experimental 
endpoint. 

The importance of examining the full dose range 
of ON effects is illustrated in the hypothetical 
experiment presented in Fig. 2 and Table 4. In this 
example, the effect of an ASO is compared to one of 
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Vehicle 0.1 1 10 100 1000 

Dose 



Fig. 2. Hypothetical data demonstrating the importance of dose- 
response analyses. The vertical grey bars delineate the % response 
at a single dose point. Depending on the dose examined, the 
results may lead to different conclusions, as outlined in Table 4. 
The results may also be interpreted differently depending on the 
response of a vehicle control group or in the absence of such a 
control. 

two DNA control groups — a MM and a "universar' 
control. As shown in Table 3, this experiment would 
lead to fundamentally different conclusions depend- 
ing on the presence of a vehicle control, the baseline 
set by a vehicle control and, most critically, the dose 
point examined. In the absence of a vehicle control 



group, evaluation of dose B or C would suggest the 
presence of an ASO-mediated effect whereas doses 
A and E would indicate a lack of effect in all 
ON-treated groups. In the presence of a vehicle 
control, examination of a single dose-point leads to 
an entire range of conclusions (no effect, ASO- 
specific effect, non-specific DNA effects) depending 
on the chosen dose. 

Our current lack of appreciation for the impor- 
tance of ASO dose is illustrated by examining the 
effects of i.t. ASOs targeting P2X3 in three in- 
dependent studies. In one study, antisense and con- 
trol ONs were synthesized as 2'-OMe gapmers with 
a PDE middle [157]. The 2'-OMe chemistry is 
related to the 2'-MOE chemistry used in the other 
two studies [12,13]. In all three studies ONs were 
administered by slow infusion through osmotic 
minipumps. The doses used and percent knockdown 
were as follows. (1) Doses of 2.4, 7.2 and 24 jxg/day 
of 2'-0Me-PDE gapmers all resulted in an approxi- 
mately 30% decrease in P2X3-inununoreactivity 
(P2X3-ir) by quantitative image analysis in the 
dorsal horn [157]. (2) Approximately 30% knock- 
down in P2X3-ir in dorsal horn and 50% in P2X3 
mRNA measured by in situ hybridization in DRG 
was achieved using 2'-MOE-PDE gapmers at 180 
fjLg/day [12]. (3) 2'-M0E-PS gapmers at 240 jig/ 



Table 4 

Experimental inerpretations vary with dose and vehicle controls 

Dose Antisense Mismatch Universal Conclusion 



Relative to DNA 


A 








Inactive ASO 


controls 


B 








ASO-specific effect 




C 


+ 






ASO-specific effect 




D 


+ 


+ / - 




ASO effect, non-specific DNA effect'*' 




E 








Inactive ASO 


Relative to vehicle 


A 








Inactive ASO 


control 1 (5% effect) 


B 








ASO-specific effect 




C 


+ 


+ /- 


+ / - 


ASO effect, non-specific DNA effect 




D 




+ /- 


+ /- 


ASO effect, non-specific DNA effect 




E 




+ 


+ 


Non-specific DNA effects 


Relative to vehicle 


A 


( + ) 


( + ) 


( + ) 


Non-specific DNA effects* 


control 2 (40% effect) 


B 


+ 


( + ) 


( + ) 


ASO effect, non-specific DNA effect* 




C 




( + ) 


( + ) 


ASO effect, non-specific DNA effect* 




D 


+ 


+ /- 




ASO effect, non-specific DNA effect* 




E 




+ 


+ 


Non-specific DNA effects* 



These non-specific DNA effects are only observed in the MM control group. 
* These non-specific DNA effects are bi-directional. 
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day produced an average of 40% knockdown by 
Western blot analysis [13]. The magnitude of P2X3 
knockdown is therefore relatively constant from 2.4 
and 240 |xg/day. The apparent "saturation" of the 
knockdown could be rationalized in multiple ways, 
such as the relative efficacy of the sequences used 
and the possibility that intrinsic regulatory mecha- 
nisms limit the antisense effect to a maximum of 
30-50%. Regardless, these data emphasize the need 
for systematic analysis of antisense effects in terms 
of dose dependency. 

A final note about dose: the doses of ON delivered 
into the CNS are best expressed in terms of nmol and 
not jjLg. As the molecular weight of ONs changes 
with base composition, length and chemical modi- 
fication, two samples, each with the same number of 
fjig per unit volume, might have significantly differ- 
ent ON concentrations. Therefore, it would be tech- 
nically incorrect to assume that groups of animals 
treated with equal volumes of these samples have 
been exposed to the same dose. When converted to 
nmol per unit volume, the concentrations are stan- 
dardized across samples and direct comparisons can 
be made. 

5.8, Dosing schedule 

The level of protein expression and the rate of 
turnover will impact the efficacy, time course and 
dose requirement of antisense treatment. The longer 
the half-life of the protein, longer time-courses of 
administration may be required. For example, func- 
tionally relevant knockdown of G-protein a-subunits 
and P-arrestin can be achieved with single ASO 
injections [67,75]. In most protocols targeting 
GPCRs, animals are dosed for up to 3 days yet the 
half-lives are thought to range from 2 to 8 days [83]. 
Longer treatment periods may result in significant 
increases in knockdown. When ASO treatment 
against CRF2R was extended from 5 to 9 days, the 
reduction in receptor binding increased from 40 to 
60% to 80% [83]. 

In addition to the total length of treatment, the 
treatment interval chosen could have dramatic conse- 
quences on the results of a study. Fig. 3 depicts the 
effect of three different dosing schedules (12, 24 and 
48 h intervals) on a hypothetical endpoint. The 
arrows indicate each time compound is administered. 
In this example, if the experimental endpoint is 
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Fig. 3. Illustration of the effect that different dosing schedules 
may have on antisense efficacy. Each arrow represents an adnninis- 
tration. The drug is administered every 48 (thick black; t)> 24 
(dark grey; T) or 12 h (thin black; I). Larger treatment intervals 
may introduce substantial fluctuations in the magnitude of the 
ASO-mediated effects. As a result, the effect of ASO-treatment 
may t>e missed if the experimental endpoint is not measured at the 
optimal time. 



measured 12 h after the first treatment, similar 
effects would be observed in all three groups. If the 
first assay point is 24 h after the beginning of 
treatment, an effect will be observed in the 12 h 
group but not the others. If the measurements are 
taken 36 h following initiation then efficacy will be 
observed in the 12 and 24 h interval groups but not 
the 48. The purpose of this illustration is to stress the 
importance of the time-course of action following 
administration. In practice it may therefore be advan- 
tageous to give small doses several times daily or 
slow infusion rather than expose the animals to 
larger doses less frequently. This should reduce acute 
toxicity and maintain ASO concentrations at a more 
steady level. Furthermore, ASOs delivered i.t. by 
slow infusion have been shown to accumulate to 
much greater extent in DRG cell bodies than follow- 
ing repeated bolus injection [13], 

5.9. Evaluation of knockdown 

The demonstration of anti sense-mediated knoc- 
kdown of the targeted gene is necessary for the 
interpretation of antisense studies. In the presence of 
knockdown, lack of a functional effect after anti- 
sense treatment would be interpreted as evidence that 
the targeted gene has no functional role in the 
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Studied phenomenon. However, in the absence of 
knockdown, the lack of functional effect would be 
attributed to insufficient biological activity of the 
ASO and would provide no information about the 
function of the target gene. Similarly, without de- 
monstration of knockdown, any functional changes 
observed after ASO-treatment cannot be attributed to 
ASO-mediated effect at the target gene. 

In many antisense studies in the literature the 
magnitude of the functional changes exceeds that of 
the change in expression. For example, a 35-55% 
reduction in deltorphin II binding was associated 
with 80-90% reduction in deltorphin Il-medialed 
analgesia [129]. Similarly, reduction of P2X3 expres- 
sion by less than 50% resulted in the complete loss 
of aPmeATP-induced mechanical hyperalgesia and 
greater than a 50% decrease in aPmeATP-induced 
flinching behaviors [12,13]. This discrepancy is most 
likely associated with phenomena such as spare 
receptors and with the fact that the functional assay 
and the expression analysis may measure different 
pools of the targeted gene. 

In addition to its importance for interpretation of 
functional results, systematic analysis of knockdown 
performed prior to functional analysis can be very 
beneficial in the design of the functional portion of 
the study. Information on the dose-dependence and 
time-course of changes in expression of the targeted 
gene provides a basis for selecting an appropriate 
dose range and dosing schedule for functional 
studies. It could be argued that performing expres- 
sion analysis prior to functional analysis is not an 
efficient use of time and resources. However, expres- 
sion analysis requires less animals per experimental 
group than functional studies. In the long run this 
approach may therefore save time and resources that 
would have been wasted using inactive ASOs or 
performing functional analysis at suboptimal dose 
and /or time-points. 

The issues surrounding controls, dose and time- 
course discussed in the preceding sections are as 
relevant to the analysis of knockdown as they are to 
the functional analysis. In a number of studies the 
control MM ASO resulted in increased variability in 
the expression levels of the targeted gene compared 
to other experimental treatments (for example, see 
Refs. [19,54]), consistent with the possibility of 
residual efficacy of the MM. However, in the 
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absence of other DNA controls it is impossible to 
determine if MM effects are due to residual efficacy 
at the target gene or to non-specific effects. More- 
over, in some of these studies statistical significance 
is reported based on comparison of the antisense 
group to the vehicle group using a r-test, without 
comparison between the antisense and the mismatch 
group. In order to conclusively demonstrate an 
antisense-mediated effect, it is necessary to demon- 
strate that the antisense group is different from both 
the vehicle and the control DNA group(s) using 
statistical tests for multiple comparisons (for exam- 
ple, see Ref. [23]). Finally, there have been surpris- 
ingly few studies exploring the dose-dependence and 
time-course of antisense-mediated knockdown (for 
examples, see Refs. [71,158]). A correlation between 
the degree of knockdown and the functional effects 
across dose and/or time would support a causative 
link between them. 

Antisense-mediated knockdown can be evaluated 
at the mRNA or the protein level, and ultimately the 
approach chosen is determined largely by the avail- 
able tools and expertise. Levels of mRNA can be 
assayed by a variety of methods, including Northern 
blot analysis, in situ hybridization, RNA protection 
assay or real-time reverse transcription polymerase 
chain reaction (RT-PCR). Many antisense studies 
assess knockdown solely based on mRNA measure- 
ment (for example, see Ref. [23]). However, anti- 
sense treatment reduces mRNA levels only if the 
ASO acts through an RNase H-dependent mecha- 
nism, and therefore limiting the expression analysis 
to mRNA levels may result in a false negative. In 
fact, ASOs that act through non-RNase H-dependent 
mechanisms may even enhance the levels of the 
targeted gene [84,159]. Furthermore, the relationship 
between mRNA level and protein expression is often 
non-linear [122]. Given these difficulties, relying on 
mRNA assays to validate knockdown could lead to 
misinterpretation of the experimental results. 

Ideally a comprehensive antisense study would 
include expression analysis at both the mRNA and 
the protein level (for example, see Refs. 
[12,126,160]). If this is not feasible, it is preferable 
to demonstrate decreases in protein levels because 
they will ultimately determine the levels of func- 
tional activity. The majority of methods for analysis 
of protein expression are antibody-based, including 
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immunohistochemistry (IHC) (for example, see Refs. 
[19,161]), Western blot analysis (for example, see 
Refs. [13,71,160]), enzyme-linked immunosorbent 
assay (ELISA) (for example, see Ref. [77]) and 
radioimmunoassay (RIA) (for example, see Ref. 
[126]). In all of these approaches, the quality of the 
results will first and foremost be limited by the 
quality of the antibody used. Non-antibody based 
methods such as receptor binding (for example, see 
Refs. [24,162,163]), autoradiography (for example, 
see Refs. [22,56]), or mass spectrometry are also 
available. 

Evaluation of knockdown requires some form of 
quantitative analysis. Qualitative judgments based on 
visual observations are generally not accepted as 
proof of antisense-mediated effect. Based on the type 
of tissue processing, the methods for expression 
analysis fall into two major categories: histological 
(e.g., in situ hybridization, IHC, receptor autoradiog- 
raphy) and biochemical (e.g., Northern blot. Western 
blot, ELISA, RNA protection assay, real-time RT- 
PCR, mass spectrometry). Histological approaches 
offer the advantage of focusing the analysis on the 
relevant area. However, the quantification of his- 
tological observations relies on image analysis, 
which is not very sensitive, can be subjective and 
may be confounded by high variability due to tissue 
processing. Quantitative image analysis inevitably 
requires selection of a labeling threshold, which 
distinguishes specific signal from background. Al- 
though it is sometimes possible to establish a proto- 
col for objective selection of threshold [164], it is 
more common for the observer to set the threshold 
subjectively based on the labeling in control groups. 
Strategies for minimizing the effects of variability 
and subjectivity include: (1) process samples from 
different experimental groups in parallel so that each 
group is represented on a given slide; (2) determine 
the threshold based on the labeling in the vehicle 
control group; (3) average measurements from sever- 
al slides to obtain the final values for each subject; 
(4) perform the analysis blind to the experimental 
conditions. 

Unlike histology, the tissue collection protocols 
associated with biochemical methods do not usually 
allow for precise microdissection of the region most 
likely to contain changes in expression. This could 
result in the dilution of any antisense effect, making 



it harder to observe changes. However, with the 
exception of methods based on electrophoresis and 
densitometry (Northern blot and Western blot), this 
disadvantage is outweighed by the superior sensitivi- 
ty and, in some cases, the ability to measure absolute 
amounts in individual samples. Using an RNA 
protection assay, Yukhananov et al., determined that 
treatment with ASO targeting the NMDA2RD 
subunits decreased expression of the subunit from 
--1.5 to -0.75 amol/fig of total RNA (1 amol = 
10"*^ mol) [23]. A relatively new approach for RNA 
quantification is real-time RT-PCR, which measures 
mRNA levels based on the number of replication 
cycles necessary to detect the gene of interest in the 
sample relative to a housekeeping gene [165]. In its 
most commonly applied form, real-time RT-PCR 
measures are relative amounts, but methods for 
determining absolute amounts based on standard 
curves are under development [166]. This approach 
has been used for quantification of antisense-me- 
diated knockdown [160,167] although due to its 
novelty, its representation is the literature is limited. 

At the protein level, quantitative evaluation of 
knockdown by ELISA is particularly feasible in the 
case of neurotrophins [77], for which there are 
commercially available tools that have been applied 
in numerous experimental paradigms, including 
transgenic animals [168]. However, the measurement 
of absolute expression levels using RNA protection 
or ELISA requires the generation of a standard curve 
of known amounts of mRNA /protein, which is 
usually not trivial. An additional limitation in the use 
of ELISA is the requirement for high-quality anti- 
bodies. A more predominant method for quantifica- 
tion of knockdown at the protein level is receptor 
binding (for example, see Refs. [24,162,163]). It is 
sensitive as well as technically straightforward. 
However, just as ELISA is dependent on antibodies, 
receptor binding (and autoradiography) is limited by 
the quality and availability of ligands. Since the 
motivation for many antisense studies is the lack of 
selective ligands for functional distinction of sub- 
types, suitably selective ligands may not be avail- 
able. The use of non-selective ligands for receptor 
binding is an option [56] although the presence of 
additional non-ASO-targeted binding sites will dilute 
the results, making it difficult to detect knockdown. 

Advances in proteomic analytical methods based 
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on mass spectrometry offer new approaches for 
knockdown evaluation [169-173]. The advantages of 
mass spectrometry for protein quantification are its 
superior sensitivity in the fmol range and the ability 
to assess protein levels directly, independent of a 
ligand or antibody. Until recently, the application of 
mass spectrometry to analysis of complex protein 
mixtures from biological systems has been restricted 
by the limited capacity of two-dimensional gel 
electrophoresis (the predominant separation strategy) 
for detection of low abundance and transmembrane 
proteins [174]. This limitation has been overcome by 
the introduction of multidimensional liquid chroma- 
tography as an alternative separation strategy [171- 
173]. In addition, the use of isotope-coded affinity 
tags (ICATs) has allowed measurement of relative 
differences in protein levels between two samples by 
mass spectrometry [122,169,170]. Although the ap- 
plication of these methods to the mammalian nervous 
system is just beginning to be explored and is likely 
to be challenging, their adaptation to anti sense 
studies may facilitate the analysis of ASO-mediated 
knockdown of protein expression. 

6. Conclusions 

The use of ASOs has contributed greatly to the 
field of pain and analgesia. Nevertheless, ASO-based 
approaches have failed to meet the high expectations 
initially placed upon them. This failure can be 
largely attributed to an underestimation of the com- 
plexity of antisense technology and a lack of appro- 
priate tools for its successful application and evalua- 
tion. Over the past decade, sustained exploration has 
lead to an increasing understanding of the pitfalls 
encountered in in vivo ASO-based studies. This 
accumulated knowledge, in combination with con- 
tinued technological developments, have set the 
stage for a long- overdue, systematic and in-depth 
analysis of ASO-mediated effects in vivo. Empirical 
and in silico methodologies for the selection of 
active sequences and the development of new 
chemistries have improved the design, specificity and 
stability of ASOs. Sensitive methods for the evalua- 
tion of ASO-mediated knockdown have enabled 
quantitative assessment of the dose- and time-depen- 
dency of action. As a result, our ability to design and 
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interpret the results of functional studies has im- 
proved dramatically. Technologies for large-scale 
expression analysis at the RNA and protein level 
allow for global evaluation of both specific and 
non-specific ASO effects. Taken together, these 
advances have the potential to increase our under- 
standing of the mechanisms of ASO-based ap- 
proaches, facilitate the application of ASO as a 
functional genomics tool, and enable sophisticated 
approaches for the development of new pain 
therapies. The promise of antisense-based technology 
is therefore stronger than ever. 
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Abstract. Antisense technology has been used to study 
basic biological processes, and to block these processes 
when they deleteriously lead to human disease. A sepa- 
rate, equally important application of antisense technol- 
ogy is to upregulate the gene expression lost in the dis- 
eased state by shifting alternative splicing of pre-messen- 
ger RNA. This strategy has commonly relied upon the use 



of antisense oligonucleotides; however, another approach 
is to use a plasmid construct to generate antisense RNA 
inside the cell. Antisense therapeutics based on expres- 
sion vectors and viral vectors offers a gene therapy ap- 
proach, whereas those based on oligonucleotides offers a 
more drug like approach. 
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Alternative pre-mRNA splicing splicing 

Alternative splicing is emerging as an extremely impor- 
tant process that mediates diversity in the proteomes of 
higher organisms by generating arrays of protein iso- 
forms. In the most extreme examples, the slowpoke Ca"^ 
ion channel [1 ] and the Drosophila gene dscam [2] can be 
potentially spliced into 500 and 38,000 isoforms, respec- 
tively. Since in humans 35-60% of genes are alterna- 
tively spliced, this process must account for a large frac- 
tion of the estimated 140,000 proteins present in human 
cells [3,4]. 

The mechanism of alternative splicing is not well under- 
stood, as evidenced by the fact that attempts to predict le- 
gitimate splice sites in silico still generate substantial 
false positives/negatives [5-7]. While consensus se- 
quences of the elements that control splice site selection, 
such as the 3' and 5' splice sites, the branch point and the 
polypyrimidine tract are well defined [8], under certain 
conditions sequences that only very loosely match the 
consensus sequences can be efficiently used [9|. More re- 
cent findings indicate that the function of the above ele- 
ments may be modulated by exon and intron splicing en- 
hancers and silencers, which contribute to the plasticity 
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of pre-messengers RNA (mRNA) splicing [10]. As a re- 
sult, splicing of pre-mRNA is not fixed, leading to alter- 
native outcomes controlled by the cell. Importantly, this 
alternative splicing can also be controlled by external ma- 
nipulation by antisense RNA and oligonucleotides. 
Antisense RNA and oligonucleotides bind to the target 
pre-mRNA in a sequence-specific fashion, sterically 
blocking targeted splice sites and redirecting the spliceo- 
some to available and unhindered splice sites. Thus, the 
antisense molecules act as silencers of the targeted splice 
sites and thus as enhancers of the alternatively selected 
sites. This application of antisense technology has clini- 
cal relevance, since many diseases are the result of mis- 
guided alternative or aberrant splicing [11, 12]. 

The role of splicing in disease 

An annotated database survey showed that up to 15% of 
point mutations contributing to genetic diseases damage 
or modify splice sites and other sequence elements in- 
volved in splicing, and therefore result in aberrant splic- 
ing of pre-mRNA [10, 13]. This percentage could be 
much higher if it were based on RNA expression and 
splicing patterns rather than solely on genomic sequence. 
For example, when analyzed at the RNA level, 50% of 
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mutations in the ataxia-telangiectasia and neurofibro- 
matosis type 1 [14] genes resulted in defective splicing. 
Likewise, of the more than 900 sequence alterations de- 
tected in the cystic fibrosis transmembrane regulator 
(CFTR) gene, about 20% are splicing mutations [3]. 
Aberrant splicing may be caused not only by a defect in 
the existing splicing elements but also by mutations that 
create additional splice sites and/or activate cryptic splice 
sites, p Thalassemia, a hereditary blood disorder, pro- 
vides a good example of this mechanism and will there- 
fore be discussed in more detail below [15] and will 
therefore be discussed in more detail below. In addition, 
diseases caused by inappropriate splicing may be due not 
only to mutations in the given pre-mRNA, but also by fac- 
tors that influence alternative splicing. For example, al- 
ternative splice site selection is changed in transformed 
cells, as demonstrated by the specific alternative splice 
variants of various pre-mRNAs expressed by many can- 
cers [16]. 



Modification of splicing by antisense antisense RNA 

Close to 200 mutations cause p thalassemia, but those 
that create additional, aberrant splice sites in introns 1 
and 2 of the j^-globin gene are among the most frequent 
worldwide [17]. This laboratory showed that blocking the 
aberrant splice sites with either antisense RNAs [18-21] 
or oligonucleotides [22-24] restores correct splicing and 
correct expression of ^-globin and consequently hemo- 
globin in treated cells. 

Figure 1 illustrates that mutations at nucleotides 654, 705 
or 745 in intron 2 of the human ^-globin gene activate 
aberrant 3' and 5' splice sites within the intron and pre- 
vent correct splicing of ^-globin pre-mRNA, resulting in 
inhibition of ^-globin synthesis and in consequence (3- 
thalassemia. Treatment of the HeLa or K562 cells that 
stably expressed thalassemic genes with U7 and Ul small 
nuclear RNAs (snRNAs), modified to contain sequences 
antisense to the aberrant splice sites, resulted in reduction 
of the incorrect splicing of pre-mRNA and a concomitant 
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Figure 1 . {A) Correction of splicing of /3-globin pre-mRNA by modified snRNAs. Boxes, exons; lines, introns. Tbe dashed lines represent 
correct and aberrant splicing pathways. (B) Structure of modified U7 snRNA constructs. Wild-type U7 snRNA includes a stem-loop struc- 
ture, the U7-specific Sm sequence and a sequence antisense to the 3' end of histone pre-mRNA. The promoter and 3'-terminator regions 
are indicated. In modified U7 snRNAs, the Sm and antisense sequences were replaced with the spliceosomal Sm sequence SmOPT and 
with antisense sequences targeted to the ^-globin pre-mRNA. The SmOPT site is boxed and the antisense sequences are underlined. (Q 
Lentiviral vector design. The modified U7.623 snRNA was inserted between the central polypurine track of HIV-1 (cPPT) and the down- 
stream long terminal repeat (LTR) of the pTKl 34 plasmid in reverse (pTKU7.623r) orientation. Transcription of the full-length vector RNA 
was driven by human cytomegalovirus (CMV) promoter. The vector also contains a packaging signal ( v), the Rev response element (RRE). 
a sequence containing the woodchuck hepatitis virus post-transcriptional regulatory element (PRE) and a self-inactivating (SIN) deletion 
in the U3 region of the downstream LTR. Modified from [21]. 
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increase in correct splicing, which ultimately led to in- 
creased levels of the correct ^-globin protein [18-20], 
This result demonstrates the advantages of targeting 
splicing: by definition, a decrease in one splice variant 
leads to an increase of its counteqjart and results in a 
major change in the ratio of the products. 
To apply this approach to the treatment of primary ery- 
throid cells from thalassemic patients, v/\th the goal of 
delivering the anti sense RNAs to hematopoietic stem 
cells, the modified U7 snRNA gene was incorporated 
into a lentiviral vector. Delivery of this construct into 
HeLa cells expressing the three thalassemic mutants re- 
duced the incorrect splicing of pre-mRNA and led to in- 
creased levels of the correcdy spliced j5-globin mRNA 
and protein [25]. Importantly, the therapeutic potential of 
this system was demonstrated in erythroid progenitor 
cells from a patient with IVS2-745/1VS2-1 thalassemia. 
Twelve days after transduction of the patient cells with 
the lJ7/antisense lentiviral vector, the levels of correctly 
spliced ^-globin mRNA and hemoglobin A increased ap- 
proximately 25-foId over background (fig, 2). Although 
this report did not provide direct evidence that hemato- 
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Figure 2. U7.623 lentiviral vector-induced ^-globin pre-mRNA re- 
pair in erythroid progenitors from IVS2-745/IVS2-1 thalassemic 
patient. {A) Reverse transcription-polymerase chain reaction (RT- 
PCR). On days 1 and 2 of culture, the cells were transduced with ei- 
ther no virus (lane 1), control, green fluorescent protein (GFP) 
lentiviral vector (lane 2) or U7.623 lentiviral vector (lane 3). Lane 
4, (N) RNA from normal blood. {B) Immunodetection of he- 
molysates separated by electrophoresis on cellulose acetate with 
anti-human hemoglobin antibody. Lane I, hemoglobin standards; 
lane 2, (N) normal blood; lane 3, mock transduced cells; lane 4, 
cells transduced with GFP lentiviral vector, lane 5, cells transduced 
with U7.623 lentiviral vector. Modified from [21]. 



poietic stem cells were affected, similar vectors have been 
found effective in these cells [26]. Thus it is likely that 
this approach may have long-term effects, holding great 
promise for the amelioration of disease. 
Antisense RNAs encoded in viral vectors have also been 
used to induce exon skipping in dystrophin pre-mRNA. 
Mutations that disrupt the dystrophin reading frame lead 
to premature termination of protein synthesis, and result 
in Duchenne muscular dystrophy (DMD). In contrast, 
mutations such as deletions and insertions that maintain 
the reading frame lead to the synthesis of shorter, defec- 
tive but semifunctional dystrophin protein, and result in 
the less severe Becker muscular dystrophy (BMD) [27]. 
Therefore, if skipping the mutated exon removes the of- 
fending mutation and restores the reading frame it should 
be possible to convert the severe DMD phenotype to the 
BMD phenotype. This was accomplished by De Angelis 
et al. who replaced sequences in Ul, U7 and U2 snRNAs 
with sequences antisense to the 5' and 3' splice sites of 
exon 51 in human dystrophin pre-mRNA [28]. These 
modified snRNA genes were then cloned into the 3' long 
terminal repeat (LTR) of the pBabe puro retroviral vector. 
Viral particles were used to transduce muscle cells from 
a DMD patient having a deletion encompassing exons 48, 
49 and 50, Since this deletion created a premature termi- 
nation codon in exon 51, skipping this exon partially re- 
stored the reading frame of the gene and rescued dys- 
trophin synthesis. The most efficient skipping was ob- 
tained when both the 5' and 3' splice sites of exon 5 1 were 
targeted with antisense molecules. These results indicate 
that a nonfunctional form of dystrophin mRNA can be 
converted into a functional form by antisense-induced 
shifting of splicing patterns. 



Modification of gene expression by trans-splicing 

Although most pre-mRNAs undergo cis-splicing to form 
mature mRNA, trans- splicing, whereby sequences from 
two independently transcribed pre-mRNAs are spliced to 
form a composite mRNA, also exists. Mansfield et al. [29] 
modified and enhanced this process, developing spliceo- 
some-mediated RNA trans-splicing (SmaRT) technique. 
In this technique, fragments of pre-mRNA are designed to 
base-pair with the intron of a targeted pre-mRNA to en- 
hance trans-splicing between the two molecules, while 
suppressing cis-splicing of the target. Using SmaRT, this 
group successfully corrected mutations in cells expressing 
the mutant form of the CFTR minigene, which contains a 
mutation (AF508) in exon 10. Mature CFTR protein was 
produced in treated cells, indicating that the newly gener- 
ated mRNA was translated into correct protein. Recently, 
Liu et al. demonstrated that SmaRT could correct endoge- 
nous AF508 mutant CFTR pre-mRNA in cystic fibrosis 
(CF) airway epithelia and partially restore CFTR-medi- 
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ated chloride transport. An adenoviral vector was engi- 
neered to carry a molecule targeted to CFTR intron 9, al- 
lowing for trans-splicing at this locus and replacing the 
mutated region with the correct one either in vitro in hu- 
man CF polarized airway epithelia or in vivo in human CP 
bronchial xenografts [30]. 

Design of antisense vectors 

For the approaches discussed above to be effective, the 
antisense RNA needs to be delivered in relatively high 
concentrations. Thus the vectors should include a strong 
and efficient promoter, which is persistently active either 
ubiquitously or in a desired tissue. Furthermore, the gene 
cassette should express RNA molecules that are devoid of 
any inhibitory secondary structure, colocalize in the same 
subcellular compartment as the target sequence [31] and 
be resistant to intracellular nucleases. These criteria are 
met by snRNAs, making them appealing antisense vec- 
tors for modification of splicing. 

SnRNAs are localized to the nucleus, are stable and 
are expressed from their own promoters at relatively 
high levels. Most importantly despite their structure they 
interact with their natural pre-mRNA targets by base 
pairing, i.e. via antisense interactions. Thus, replace- 
ment of the antisense sequences with those targeted to a 
desired pre-mRNA proved effective in the reports dis- 
cussed above. Analysis of the data from the reviewed re- 
ports indicates that Ul, U2 and U7 snRNAs are rather 
similar in their antisense activities. This is surprising 
since their natural targets and functions are substantially 
different. 

U7 snRNA mediates 3' end processing of histone pre- 
mRNA by base pairing the first 1 8 nucleotides at its 5' 
end to the 3' region of the target [32]. Therefore, U7 can 
be changed to a mediator of splicing by replacing the anti- 
histone pre-mRNA sequence with sequences antisense to 
the target splice sites. U7 snRNA is expressed at low lev- 
els (-^10^ molecules/cell), but its nuclear accumulation 
can be increased by converting the U7 Sm site to the 
SmOpt sequence shared by more abundant snRNAs [33]. 
Moreover, this change eliminates U7's function in histone 
pre-mRNA processing, thus making it available for its 
new role of modulator of splicing [18]. Ul snRNA is 
driven by a strong promoter and, because it is transcribed 
from several genes, its levels reach 10^ molecules/cell. 
Ul snRNA is involved in recognition of 5' splice site se- 
quences, suggesting that it could easily be converted to a 
modulator of pre-mRNA splicing by changing its binding 
sequence [32]. However, such a construct will be in direct 
competition with endogenous U 1 , which may prevail due 
to its high concentrations. 

Consistent with this hypothesis, in correction of 1VS2- 
705 thalassemic splicing, anti-5' splice site Ul failed 
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while that targeted to the cryptic 3' splice was effective in 
restoring correct splicing of ^-globin pre-mRNA [20]. 
Another possible antisense carrier, U2 snRNA, mediates 
the recognition of the intronic branch site and the entry of 
the catalytic U6 snRNA into the spliceosome. Again, this 
snRNA can be converted to a splicing modifier by re- 
placing its binding sequence with an antisense sequence 
[28]. These three RNAs are transcribed by RNA poly- 
merase II, while another possible antisense carrier, U6 
snRNA, is transcribed by RNA polymerase III. In con- 
trast to the other snRNAs U6 never leaves the nucleus and 
should be superior in modification of splicing, which 
proved not to be the case ([20] and M. Vacek, unpublished 
data). 

The best way to deliver the antisense constructs to desired 
cells is by the use of viral vectors. These vectors are repli- 
cation-defective viral particles that are able to enter the 
target cells and transfer their genetic material to the host 
genome. By replacing the genes required for viral repli- 
cation with an expression cassette containing the anti- 
sense gene, the viruses become safe vectors. Several vec- 
tors have been employed to mediate antisense gene deliv- 
ery, including retrovirus [28], lentivirus [21], adenovirus 
[30] and adeno-associated virus (AAV) [34]. Retroviral 
vectors can stably infect dividing cells by integrating into 
the host DNA; however, they are unable to infect nondi- 
viding cells. The human immunodeficiency virus (HIV)- 
based lentiviruses, in contrast, are able to infect both di- 
viding and nondividing cells. The main disadvantage to 
these integrating vectors is the possibility of insertional 
mutagenesis; however, genetic modifications have been 
made to reduce this concern [35]. Adenoviruses can also 
infect non-dividing cells, but only confer transient gene 
expression, as the viral genome remains episomal [36]. 
Novel forms of these vectors do not induce immune re- 
sponse, which previously led to problems [37]. In con- 
trast, no human pathology has been associated with AAV, 
which is able to infect certain nondividing cells, such as 
muscle, brain and liver. However, its use is limited by the 
small carrying capacity of its genome. AAV provides a 
very safe vector since it has not been associated with any 
human pathology [38]. 

ModificatioQ of splicing by antisense oligonucleotides 

While antisense RNAs can be expressed for a long time 
if the constructs are incorporated into the genome [39], 
antisense oligonucleotides can persist in the cells for at 
most a few days [40]. Thus, antisense RNA treatments 
are a form of gene therapy while oligonucleotide treat- 
ment represents a pharmacological approach. Oligo- 
nucleotides have been used to shift pre-mRNA splicing 
of CFTR [41], IL-5R [42], c-myc [43], tau [44], SMN 
-2 [45], and bcl-x [16, 46, 47], Here we focus on the 
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shifting of splicing of ^-globin and dystrophin pre- 
mRNA. 

^-globin 

The mutations at positions 654, 705 and 745 of intron 2 
of the ^-globin gene (fig. 1) were targeted by T~0- 
methyl and morpholino oligonucleotides [11] and mor- 
pholino oligonucleotides. Recently, this treatment re- 
sulted in the ex vivo correction of p-globin pre-mRNA 
and up-regulation of hemoglobin in erythropoietic prog- 
enitor cells from patients with 1VS2-654 and -745 tha- 
lassemia [23, 48]. Similar results [48] were also seen in a 
mouse model of IVS2-654 thalassemia [49]. Although 
doses of up to 45 ]iM were required to elicit the effect, se- 
quence specificity and dose and time dependence were 
maintained. Furthermore, fluorescent-labeled oligomers 
showed that the compounds were efficiently entering the 
nucleus of the cells. Similar results were obtained with 
morpholino oligonucleotides targeted to the aberrant 
splice site [50]. 

Dystrophin 

As discussed above, antisense-induced skipping of the 
dystrophin ex on containing the premature stop codon can 
restore the translational reading frame and generate func- 
tional protein, converting the severe DMD form to the 
less severe BMD form of the disease. A mouse model of 
DMD, carrying a missense mutation in exon 23 of dys- 
trophin gene [51], has allowed the testing of antisense 
oligonucleotides in vivo. The 2'-0-methyl-oligoribonu- 
cleotide directed at the 5' splice site of exon 23 proved ef- 
fective when locally injected into mouse muscle in the 
presence of a cationic lipid [52]. Oligonucleotides tar- 
geted to an exon splicing enhancer-like sequence induced 
skipping of dystrophin exon 46 in myotube cells from two 
DMD patients who carried a deletion of exon 45, which 
disrupted dystrophin reading frame. Proper translation 
was restored when the additional exon 46 was also 
skipped. It was found that a 1 5 % level of exon skipping 
was sufficient to restore normal amounts of properly lo- 
calized dystrophin in at least 75% of myotubes [53], The 
same group also investigated oligonucleotides targeted to 
mutations in other forms of the disease [54]. Recently, 
experiments have been undertaken to optimize the target 
sequence best suited to restore the reading frame of DMD 
pre-mRNA [55]. 

Chemically modified synthetic oligonucleotides 

Several requirements must be met for modified oligonu- 
cleotides to be effective in shifting splicing: (i) the 
oligonucleotides must not activate RMase H-mediated 
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destruction of the target pre-mRNA, (ii) they must be able 
to reach its site of action within the cell [11] and (iii) they 
must have high enough affinity to the target sequence to 
effectively compete for binding with splicing factors (re- 
viewed in [11]). Over the past decade, a plethora of such 
compounds have emerged [56]. 

2' Carbohydrate modifications 

The addition of residues at the 2' position of deoxyribose 
in the oligonucleotide prevents recognition of the 
oligonucleotide-RNA duplex by RNase H and destruc- 
tion of the target RNA [57]. 2'-0-Me-oligonucleotides 
were the first to be used to shift splicing [22, 58]. More 
recently, a 2'-0-methoxyethyl (2'-0-M0E) phosphoroth- 
ioate derivative [59, 60] was developed that has higher 
nuclease stability [61] and improved antisense activity. 
These compounds also show effects in vivo [62, 63]. 
Other 2'-modified compounds include the zwitterionic 
2'-0-aminopropyl oligomer, which harbors a positive 
charge at the 2' position in addition to the negative charge 
on the backbone [64, 65] or locked or bridged oligomers 
in which a methylene group bridges the I'-O and 4' posi- 
tions of the ribose ring [66, 67]. This bridge locks the ri- 
bose ring in an N-type conformation, which is more fa- 
vorable for binding RNA, imparts higher stability, RNase 
H inactivity and an increase in of approximately 
+4-5°C/base. Locked oligomers have been used as anti- 
sense compounds for shifting splicing [68] or as triplex 
forming strand invaders [69]. 

Backbone modifications 

Many backbone modifications exist, and most share cer- 
tain characteristics, such as resistance to cellular and ex- 
tracellular nucleases, the resistance of RNA:oligomer du- 
plexes to degradation by RNase H and in most cases in- 
creased affinity for target sequences. Such oligomers 
include morpholino [70, 71], peptide nucleic acid (PNA) 
[72, 73], methylphosphonate (74) and phosphoramidate 
(NP) oligomers [75, 76]. These oligomers all represent 
improvements in chemistry and should be useful for shift- 
ing splicing. 

The EGFP-654 antisense splicing assay 

Most antisense assays involve measuring the downregula- 
tion of a given mRNA or protein, an approach that is af- 
fected by high and possibly variable background signal. 
Furthermore, nonspecific effects such as toxicity or pro- 
tein binding can easily be mistaken as antisense effects in 
these cases. A better assay should be based on a positive 
signal with low background. The assay method should al- 
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low antisense testing with high throughput and sensitivity 
to and yield quantifiable results. Since the nucleus appears 
to be the major site of action for antisense oligonucleotides 
[11], the assay should be able to reflect the ability of a 
given oligonucleotide to accumulate and act in the nucleus. 
To this end, this lab has developed an assay based on 
splicing of the IVS2-654 mutant ^-globin intron as a pos- 
itive reporter system for antisense activity [77]. The 
IVS2-654 intron was inserted into the coding sequence of 
the enhanced green fluorescence protein (EGFP) gene 
and prevented EGFP expression due to aberrant splicing 
that mimics the splicing pathway of 1VS2-654 tha- 
lassemia. Stable HeLa cell lines that express this con- 
struct do not produce EGFP unless splicing is corrected 
by antisense oligonucleotides. Generation of EGFP after 
antisense treatment is easily detectable and quantifiable 
by several methods. This assay provided convincing evi- 
dence that the neutral morpholino and PNA oligomers, 
the latter conjugated to four lysines, outperformed nega- 
tively charged 2'-modified phosphorothioate oligomers 
in free uptake experiments [77]. 

Recently the above functional assay was recapitulated in 
vivo in a transgenic mouse model. This model was used 
to investigate the antisense activity of chemically modi- 
fied 2'-0-M0E phosphorothioates, morpholinos and 
PNAs containing four lysines at the 3' end (PNA-4K). It 
was found that the PNA-4K exhibited the highest anti- 
sense activity after systemic delivery, upregulating EGFP 
in several tissues, including the liver, kidney and heart. 
PNA oligomers with only one lysine (PNA- IK) were 
completely inactive, suggesting that the 4-lysine tail is 
necessary for the antisense activity of PNA oligomers in 
vivo. The 2'-0-M0E oligomers also exhibited antisense 
activity in the above tissues as well as in the small intes- 
tine. The latter effect appears to be related to the in- 
traperitoneal injection of the oligomers. In contrast, little 
efficacy was seen with comparable concentrations of 
morpholino oligonucleotides. The sequence-specific 
ability of PNA -4 and the 2'-0-MOE oligomers to upreg- 
ulate EGFP strongly support that true antisense activity 
can be obtained by systemicaiiy delivered modified 
oligonucleotides, thus verifying them as potential macro- 
molecular therapeutics. It is also notable that 2'-0-M0E 
were ineffective in cell culture but active in vivo, while 
the opposite was true for morpholino oligomers. Clearly, 
further investigations of oligonucleotide uptake mecha- 
nisms and the effects of pharmacodynamics on antisense 
activity are sorely needed. 

Analysis of alternative and aberrant splicing with 
antisense oligonucleotides 

Correction of aberrant splicing of IVS2-654 and IVS2- 
705 pre-mRNAs was observed after treatment not only 
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with oligonucleotides targeted to the aberrant splice sites 
but also with the one complementary to a region centered 
around the nucleotide 623 of ^-globin intron 2 (i.e. 31 
and 82 nucleotides upstream from the aberrant 5' splice 
site, respectively) [F. Gemignani, unpublished]. Mutage- 
nesis experiments showed that a four-nucleotide insertion 
within this region corrected splicing of EGFP-654 [79]. 
These results suggest that the oligonucleotide or the mu- 
tation likely disrupted activity of a splicing enhancer se- 
quence [80-82], thus simultaneously inhibiting aberrant 
and enhancing correct splicing. 

Antisense oligonucleotides were also used to analyze the 
accessibility of the splice sites in IVS2-654, -705 or -745 
pre-mRNAs. Differences in accessibility were demon- 
strated by treating the cells with a 17-mer antisense 
oligonucleotide (ON-3'cr) targeted to the common 3', 
cryptic splice site activated by the mutations [83]. Al- 
though the same site was targeted in all three cell lines, the 
oligonucleotide exhibited dramatic differences in its EC50 
(50% efficiency of correction) values for splicing correc- 
tion in the three contexts. IVS2-654 pre-mRNA splicing 
was nominally corrected, with the EC50 of ON-3'cr at 
1500 nM, while for the -705 and -745 pre-mRNAs the 
EC50 values were 30 nM and 2 nM, respectively. Changing 
the IVS2-654 and -705 splice sites to consensus 5' splice 
sites (IVS2-654con, and -705con) led to additional de- 
creases in accessibility of the 3' splice site to ON-3'cr. 
IVS2-654con pre-mRNA did not respond to ON-3'cr at 
any concentration, while IVS2-705con responsiveness was 
reduced four-fold. The data suggest that the differences in 
effective concentration must have been due to differences 
in the ability of the same oligonucleotide to access that 
cryptic 3' splice site. These data also support the exon def- 
inition model, which postulates interactions between the 3' 
and 5' splice sites to define an exon [84]. 
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\h%iT^K.i. Pancreatic adenocarcinoma is a major clinical 
problem with /cu- effective treatment options. In the Vuited 
States 29,000 cases are diagno^ted annually with an 
associated morialiry rate greater than 90%. Given this 
dismal prognosis, a better understanding of the molecular 
controls that govern pancreatic cancer is clearly needed in 
order to develop more effective therapies. As such, our group 
has been actively investigating the identification and 
potential apfdicarion of novel gene targets for this di.^casc. 
We kave recently identified the cancer-associated Sm-like 
(CaSm) oncogene, shown (hat it is overexprcssed in S77o of 
human pancreatic cancer samples, 6nd clearly demonstrated 
that it functions as a cla.ssic oncogene. We have also been 
able to show that an adenovirus expressing anti.sense RNA 
to the CaSm gene (Ad-aCaSm) is able to reduce endogenous 
CaSm mRNA expression and decrease anchorage- 
independent growth. A single intratumor injection of Ad- 
aCaSm extended sitn ival in an in vivo SCfD mouse model 
of human pancreatic cancer. To gain insight into the 
mechanism of Ad'aCaSm\s anti-tumor effect, cell cycle 
studies were perfyrmed. Ad-oCaSm treatment of pancreatic 
cancer cells resulted in a cytostatic block with decreased G 
phase and increased DNA content in vitro. Imptfrtantly. the 
combination of Ad nCaSm with gemcitahinc (an S-pha.se 
active chemotherapy) significantly extender I sur}'ival time 
heyrmd either therapy alone. These studies- have defined the 
CaSm oncoi^ene a^ a novel gene target fa- therapy and have 
begun to define its potential role in the pntiuygenesis oj 
pancreatic earn e>\ 



i onvsp*w(frat i' m I);t\ tO J. Cnlc. M.D.. D'.:P;u inu'nt Siirucry. 
Mctlic;il IJniver^iU "I StMilli Cinolui;!, 171 Avlilcv A\L'nuc, Knont 
4:ilU ( SM. Chiirlol'-n. S.nilh ( :>n>lin;i. :'U:5. \ '.S A Id: SJ -7'i:- 

Ke\ Wntity P.iiHrciiliL cihkxt. ucnc !hcr;tpy. c;mocr-:isv;(H'»iiU'0 Sni- 
likc oncM|:cnc. ( MSm. htini:in-ltkc-Sm proti-in. hl>m-t. 



Pancreatic cancer is the fourth leading cause of death from 
malignancy in the United Slates and represents a significant 
medical problem throughout the world. The disease often 
presents at an advanced stage, is resistant to all forms of 
therapy, and as a result has one of the highest mortality mtes 
of any cancer(l). In light of this exceedingly poor prognosis, 
an effort has emerged to understand the molecular biology of 
this disease in order to develop more effective therapies. 
Examination of resected pancreatic cancer samples frequently 
reveals hyperplastic ductules with varying degrees of dysplasia 
adjacent to the tumor. The recently adopted pancreatic 
intraepithelial neoplasia (PanlN) pathological grading system 
stratifies these dysplastic lesions into low, intermediate and high 
grades (PanlN-l, PanTN-2, and PanlN-3, respectively). 
PanIN-1 lesions have low malignant potential and may never 
convert to overt carcinoma. PanlN-2 and PanlN-3 lesions, 
however, display greater cytological atypia, more architectural 
abnormalities, and frequently evolve to invasive cancer 
(http:wwu-.path.jhu.edU''pancrcasc_painin). Numerous studies 
in the last decade have identified gene alterations involved in 
the various stages of this molecular progression (2-4)» and 
these gene mutations have been extensively studied as methods 
for early detection and as targets for gene therapy (5-7). 
Promising initial results have been reported for k-ras. p53 and 
other gene therapies but. to date, no genetic therapy has proven 
clinicallv beneficial for the treatment of pancreatic cancer (8- 
10). Further studies arc therefore needed to provide a better 
undcrstandine of the molecular controls that govern pancreatic 
cancer in carder to develop more effect ive therapies. Our group 
has been actively investigating a novel pcne therapy approach 
based on the cancer-asMKiatctl Sm-tike fCaSm) oncogene. 

The CnSm oncogene 

In order m iitcntify novel gene altcrati(>n in pancreatic 
cancer dcv L-Iopmcnt. we began a project using subtractivc 
hvbrtdi/ation to identily dirierentially expressed genes 
between the human pancreatic cancer cell line Capan-I and 
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Figure t. rrvdicicif sinn unvl iiamoms of OiSm. Tin- wrumy stmrturv of 
snvrnl ct)rr Snt pvruvins furs fwrn resnhvtt hy X-rnv nryt„ll,}f:rapfn: 
nasvd on rhr.xr tinta. if /.v pmlirh'ti (hot all prtftrins rnnuunutii fin' Sm 
mnfifs Mill foU in a Kinu'lar ninnnrr The iiho\'r tUni^mm afiyns fhc Sm 
nwrif trf:i,ms of drSm ami thv vnri' 5m fytryfrin f), otuf Sm Ci Vw 
positions nfthv prrdimd 5 0 sheets ort Imlkated n ifh orrows^ CaSm 
shares sn eral amsmrtf nminn acids Within iht 5m motifs, u fm h fnrthrr 
indicates that CaSm hHI fon» n simitar t&Htnn stmctutv. Sm I contains 
two invariant aminn acids in aU Stn confitimn^ pnnrins at positions }3 
and 23 (highhijhft'd in ^ray). Sni2 conttfths a central motif fRGXNf 
(highhghted in gray). CaSm also contains these invariant amino acids and 
most of the central motif in Sni2. 



the diploid, transformed but non-neoplastic pnncrcatic 
epithelial cell line HS680.PAN. The CnSm oncogene 
displayed a substantially higher signal in the neoplastic 
Capan-1 cell line compared to the normal pancreatic cells 
and a full-length cDNA clone was identified (II). Although 
the level of CaSm expression was variable between samples, 
fifteen of sixteen human pancreatic adenocarcinomas 
showed significant ovcrcxpression of a 1.2-kb CaSm mRNA 
in tumors relative to normal controls. This represents 
ovcrcxpression in i<7.5% n{ samples (II) and is a vcr>' high 
frequency of oncogene ovcrcxpression in pancreatic 
adcnociircinoma. The frequency of CaSm involvement rivals 
lhai of k-ras mutation and is significantly more frequent 
than p53 mutatinp. Mtircover, several human pancreatic 
cancer cell line^ inchuling AsPC-K B\TC-3, Capan-I. 
Capan-2. COLO;57. mpac MiaPaCa-2 and P.mc-I all 
ovcrexpre^;s CaSm. The CaSm mRNA was nvcrcxprc^scd in 
some samples t.| p;mcreatilis suggesting ihiit the gene 
alteration may he an carlv event in lumnr formal i(>n. 

furthermore. CaSm expression is not hmitcd to 
pancreatic tumnrv Citncer dcrivcti cell lines from hliuldcr. 
kiilney, liver. lunL'. Mx;,ry ;muI rcclum all .netevpfe^v. CaSm 
niRNA III). Alth.Mfgh C;iSm mRNA w;>s ;.!su expressed to 
M>me degree in ;i vi.tieiv ol normal lissuev these levels of 
cxprcssi.Mi were m.okedlx hmer lhan in the corresponding 
tumors. Thus the -neocene is found devaied ui v;,r(elv- 
of cancer ivpes junl a low level of expression ol^servcd 
in various noimal iissues. This indicates ihal C ;iSm mav 



have a normal function in a variety of cell typcR nnd thnt 
abrogMiicui of this normal function may be n significant 
contributor to the pathogenesis of a variety of cancers. 

Gene structure 

The full-length genomic structure of CaSm has been 
determined in human and murine cells (Fraser and Wntson 
trnpublishcd data). CaSm is located on the short arm of 
chromosome « (Spll.2) between the nCL2.ftssociated 
athanogene 4 (BAG4/SODD) and the steroidogenic ncutc 
regulatory protein (STAR) (www.ncbi.nlm.nih.gov Locus 
ID# 27257). The gene consists of 4 exons spread over n 
I4.5kb region (Fra.ser and Watson, unpublished data). The 
promoter region for CaSm has yet lo be functionally 
characterized. 

The CaSm gene encodes a mRNA transcript that 
l.2kbp in length with a polyadenylation signal at base pair 
878-883. The translational start site is located at nucleotides 
165-168. The largest open reading frame predicts a 133 
amino acid polypeptide with a molecular weight of 15J79 
and an isoelectric point of 4.97, CaSm was named **Sm-like 
oncogene" for the presence of a Sm motif in the sequence. 
An Sm motif is a conserved region of sequence homology 
that is thought to encode a region that functions in 
protein/protein interaction. The classical Sm motif is 
approximately lOObp in length and contains two Sm 
domains. Sm domain I is normally 32 amino acids long and 
contains a universally conserved glycine at position 13 and 
asparagine at position 23. There is a lOOObp nonconservcd 
linker region between the two Sm domains. Sm domain 2 iS 
classically only 14 amino acids long and although highly 
conserved does not contain any invariant positions (12). 

The CaSm sequence contains an Sm motif with two Sm 
domains at the expected positions (Figure i). The CaSm 
Sm-I domain is 32 amino acids long and overall, 12 of the 
15 defined positions in the consensus of Sm domain 1 are 
conserved in CaSm including the 100% conserved glycine 
and asparagine. residues. CaSm contains an 11 amino acid 
linker between its two Sm domams. Moreover. 10 out of 1 1 
defined positions in Sm domain 2 arc conserved in CaSm. 

The Iv.sm family of proteins 

Computerized 13t:STF IT sequence analysis of CaSm reveals a 
^2'f identical and (^iV r Mmilar homology with the human Sm 
(i protein. This similarity teil to the name "Sm-likc oncogene" 
anil may provide .some information regarding the structure of 
C aSni( 1 1 ). Sm is part of a larger (amily of Sm proteins that 
torm ihc splicesome. an intricate complex of proteins that 
function in mRNA .splicing. Recently the X-ray crystal 
structure of [wo Sm protein complexes made up of Sm D.VB 
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Figure 2. Cff.V/n f7»rrrTfvi\c reduces the anchoraye-inffrprtuient growth of 
human 

transacted with CoSm aniisense or a contrtyl pln.vrtid nnd plated in a }^-f 
af*ar soiutifm. Crli\ were nhser\'ed for the mtmhrr and size of anchorage 
independent colonies 2f days after Ihfectinn. The numbers of large 
colonies {>2>^0nw 'r^ ) and small colonies {}4n-2S0iim B) are shown. 
Resitlfs indicate n clear decrease in both large and small colonies after 
tn>atnivnf with C iiSm ann'scnse. 



nnd Sm DI D2 hjivc been de?tcribed( 13). This stniclurc 
demonstriitcs (hat Sm proteins are composed of a single helix 
followed by 5 rinti-puraltcl 3-pleatcd sheets (3 in Sm domain 1 
and 2 in Sm domain 2). From this structure of the crystattizcd 
hctcr{Hllmcr, the sheet of one prolcin is predicted to 
interact with the p5 sheet of a second protcin(14). A 
subscciucnl report has expanded ouf knowlcdiic of Sm protein 
structure and ^hown that the seven Sm proteins bind to one 
another to form a "barrel-shaped" scaffolding that is the basis 
of the snRNPi 13). The homology between Sm G and CaSm 
is greatest in the Sm motifs and il seems likely that the 
onctijiene ma\ aKo lorm part of a "barrel -tvpe" structure ainnu 
with other Sm or Sm-Iikc (Lsm) proteins. 

While llie Sfn family of proteins functions in mRNA 
splicing, a -^inKhir lamily ol Sm-Iikc (Lsni) proteins plavs a 
role in KN.A decapping and tlcgrailal ion. Messenger RNA is 
normally produced in the nuclei antl tpiicklv modified bv 
guaful Iran^let .i^e. \^ h(eh atkis a 7-mctln'l gnanf)vinc cap to 
Ihc end. Nh^^t mRNA secptenccs also eontain an 
AAUAAA setprenee near the 3* end. Poly- A polymerase 
binds to this VLH|ucncc anil aikls a siring o\' ."^0-200 adenosine 
residues Ihc end nl the transcript foiminn a [lolv-A laiL 
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Pipiirc 3. Ad-(tCaSm reduces sahcutnneotis tumor vohtme in SCtD-fig 
mice. Animals hean'ng xtthcutaneotts As PC- 1 pancreatic rutnorx Mrre 
injected on Day 0 with lOOfil of saline containing Ad-LacZ (3 x Iff^pfit) 
or Ad-aCnSm (3 X W'^pfu or 1 X Iff pfu given weekly for three )k^ehf. 
Animals were monitored over time to determine the effect of thh gene 
therapy on tumor volume. Treatment with Ad-aC(iSm sho^vtf a ch^f 
decrease in tumor growth (n-W). A single large dose .^ho^'ed equfvoletU 
efficacy to three weekly doses. 



The 5*-methyl guanine cap and the poly-A tail play 
important roles in stabilizing mRNA. Poly-A binding 
protein attaches to the poly-A tail of the nascent mRNA 
and stabilizes the message. Without a tail, the average 
mRNA half-life varies from less than 30 minutes to several 
hours. With a poly-A tail, mRNA half-lives range frdffl 
several hours to even days. The 5'-methyl cap on an mRNA 
species also stabilizes the transcript by prcventiiift' 
degradation. Non-capped messages arc rapidly degraded 
while capped mRNAs are far more stable. 

The process of mRNA degradation occurs through a 
complex sequence tif events that have been well-studied in 
yeast (15). The first step of the degradation process involves 
cleavage olxhc poiy-A tail. In the absence of the tail, the 
poly-A binding protein tlisassociates from the mRNA 
transcript. Studies then indicate the Pat I protein binds to 
the deavlcnylaled mRNA and recrtiits a complex of Sm-Iikc 
proteins( 16). The Sm-like proteins (Lsm- K2.3.4,5,6 and 
Lsm-7) are thought to form a sevcn-membercd ring 
analogous to the "Snvbarrcl" that fimctions in the 
spliecsome. The Lsm-barrcl allf>ws the dccapping protein^ 
(Dcp-I and Dcp-2) to bind to Ihc deadenyhtled mRNA 
transcript ami cleave the 7-mclhyl cap (17-21). The 
decapped. tlcadenylateil RNA is then rapitlly degraded by 
the exonuclcase Xrn-l(22). 

Recent sluilies have shown that CaSm is probably a 
member of Ihc Smdikc family of proicins and in fad, CaSm 
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has been designated humnn-like-Sm protein i (liLsm-I). 
This suggests that the oncogene may function to control 
mRNA stability in cnnccr. The yeast Lsm-l protein (37% 
identical, 67% similar at the amino acid level to 
CaSm/hLsm-i) has also been described as Spb8 or 
suppressor of po)y-A binding protein rtiulalion-8 (22). As 
noted above, the poly-A binding protein (PABP) stabihzes 
mRNA and enhances transcription at the ribosome. 
Mutation in PABP leads to a dramatic decrease in 
translation that can be lethal \o yeast. In this study. Spb-8 
was discovered in strain of yeast that survived muiniion in 
the poly-A binding protein. Spb8 mutants did not contain 
an increase in ribosome number and did not demonstrate 
an increased efficiency of transcriptioti or translation. The 
cells were able to survive the PABP defect by incrcasiiif; the 
stability of mRNA. Immunoprecipitation viMlh anti-7-mcthyl 
cap antibody and Northern blot analysis indicate that Spb*K 
cells accumulate dcadcnylatcd but capped mUNA 
transcripts. This slron^ty suggests that yeast Lsm-1 rtincttons 
as a cofactor in I he dccappini: process. 

CnSm Functions as a clnssical oncogene 

The above studies suuecsl (h;it C'aSm function'^ in niKNA 
dccapping ami slabiiiiN- hui fiirlhur research is needed u^ 
confirm Ihi.v hypotlusis. The uenc's role in p;incrcaffc 
cancer, hnvvcvvr. is iH:1lcr \indcvslnOtl as il :ippe;irs tn 
lunctinn as a clas^iLal nncoucne. CaSm transfcclcd Nin.^17 
cells form foci when phMcd in vifitt (<V0 foci in (*aSm 
iriuisfcctants vrrMi\ iii iintrc;ilctt eonlrols) arul SCID 

mice injected with ( iiSm iijinslccicd NlH.'^'n ceils develop 
'^uhcvUancous tumors {3/5 amm;ils wrsns 0/1 d Nllt^T^ 
control animals. I'ra«.cr ami VV;ii,Mm unpublished d.o.i). 



More importantly, CaSm is not only expressed at a very high 
fre(picncy (S7% of human pancreatic adenocarcinoma 
samples) but is required to maintain the transformed 
phenotypc (Figure 2). When human pancreatic cancer cell 
lines arc transfectcd with a plasmid that expresses anlisense 
RNA for CaSm, the transfectants display a striking decrease 
in anchorage-independent growth (11). Anchorage- 
independent growth in .loft agar is currently the best in vitro 
correlate of in vivo tumorigcnicity. The ability of CaSm 
anliscnse to reduce this anchorage-independent growth 
indicates that the gcnc is necessary to maintain the 
neoplastic state and suggests that CaSm may be useful as a 
gene therapy. 

CiiSm-based gene therapy 

To test the utihty of CaSm as a novel target for gene 
therapy, an adenoviral vector was engineered to expresses 
antisense RNA to CaSm (Ad-nCaSm). Northern blot 
analysis of human pancreatic cancer cells infected with Ad- 
aCaSm indicates a substantial decrease in endogenous 
CaSm mRNA levels after infection (23). And more 
importantly. Ad-aCaSm-infected cells display a significant 
reduction of in vitro proliferation compared to controls. The 
effect of Ad-aCaSm was examined on a panel of human 
pancreatic cancer cell lines including: AsPC-1, BXPC-3» 
Capan-1, MiaPaCa-2 and Panc-L The proliferation of all of 
the cell lines is decreased following infection with Ad- 
nCaSm and each cell line shows a dose response (23). 
Reduced CaSm expression also decreases anchorage- 
independent growth of the panel of cell lines when plated 
in soft agar (23). 

The effect of Ad-aCaSm on an in vivo model of 
pancreatic cancer was also examined (Figure 3). To 
establish this model system. AsPC-l cells were injected 
subcutancously onto the flanks of the female SCID-Bg mice. 
After palpable tumors developed, these animals were then 
treated with a single intratumor injection of saline, Ad-LacZ 
or Ad-(tCaSm, Ad-aCaSm has a dramatic effect on tumor 
volume reducing tumor gro^^th by 40%, while treatment 
with the Ad-LacZ control virus did not substantially alter 
Inmnr s'v/.ci 23). 

Animals were also monitored to determine the effect of 
(";iSm aniiscnsi: on survival. Treatment with Ad-(tCaSm 
siuniricantly prolongs survi\Hl in this model of pancreatic 
cancer. Mock-infccied animals alt died by 35 days post 
treatment. Animals treated with the Ad-LacZ control virus 
survive for 40 days post treatment. However, treatment with 
Ad-ftC.aSm prohings the median survival to 60 days with 
some animals surviving for M)0 days (23). In all cases, 
ireatmcni wdh Ad-oCaSm is welt tolerated by the animals. 
Nt^ mice showed siuns of wciuht loss, decreased activity, or 
other sii:ns of io\icitv. There u.is a frctpicnt hyperemia at 



:(no 



Kclley rt al: A Review of CavSm Gene Therapy 



the site of injection in the tumor in both control nnd 
antiscnsc-trcntccf animnls nnd occnslonnl ulccr;nion M ihe 
injection site was noticed in both groups. F(Mir mice from 
control. Ad-LncZ find Ad-aCaSm trcniment groups were 
sacrificed 30 d.iys after injection and examined hy hislolopy 
for signs of pathological change. The livers, spleens, kidneys, 
pancreas, and tumors were removed, fixed in formalin, 
cmbcddcti in paraffin and examined hy hcmntnxvlin/eosin 
staining. No differences were seen between control and Ad- 
aCaSm-t rented animals in this initial studv of toxicity 
(Kcllcv rf nl., unpiiblishcd results). 

The mechanism of Ari-aCflSm's nn!i-(umur cFfcct 

To belter understand CaSm-bascd gene therapy a scries of 
experiments were designed to examine underlying 
mechanisms involved in the anti-tumor effect. These 
experiments began by determining if Ad-aCaSm induced 
apoptosis in treated cells. Agarose gel electrophoresis. 
TUNEL assay and activated Cft.<paRe-3 assays all failed to 
detect a significant degree of apoptosis in any of the 
treated cell lines after ]nfcction(24). Treated cell lines were 
then stained with propidium iodide to dcfcrminc if Ad- 
rtCaSm induced a cytostatic effect. Results indicate a 
dramatic alteration in the proportion of ceils in the 
different phases of the cell cycle. At 24 hours. CaSm 
antiscnsc treatment gave a significant decrease in Ihe 
number of G| with a corresponding increase in the 
proportion of S-phasc cells. Forty-eight hours after 
infection, the G, population remains decreased with a 
corresponding increa.se now seen ih GVM cells. 

Interestingly. ;in increase in the pcrccnin.ce of cells with 
nuclei containing greater than the normal JN content of 
DNA was also observed ff-igure 4). At 2^ hours, onlv S% of 
contrni or Ad-rtCaSm-infccted cells displav nuclei with 
greater than -IN DNA content. Forty-eight hours after 
CaSrn down-rcgulalion, this number increases to 28% (S 
and 7'f fnr unlrcated and Ad-LncZ controls, rcspcclivciv). 
.Seventy. two hours \w\ infection the greater than 4N 
populalion is ^titl present with control and Ad-LacZ-lreated 
cclK divplavini: 7 ;unl rS'v greater than JN cells while Ad- 
aC^tSni ireatment yiehls 3Kr. 

Thc^c rcMilis demonstrate that the predomin;ini 
mechanism of /\d-(iC^iSm"s anti-tumor ellect is ;i evtostalte 
inhibition o| ihe eel! cycle. This finding of .t evinstatie block 
with ;in inereii^e in content gives tnsighl into the 

function f»r C ;iSm within pancreatic c;incer cells and 
indiealcs ;ui iintr^ual ;mli-lumfir response. There is a modest 
it any induction o| apopiosis and the celK arc iir)t arrestcil 
ill tmc of the classical cell cycle check iioini^. In^icatl. CaSm 
anti.scnse-lreatcd cells appear to re-replrcafe tfieir ONA in a 
phenotype similar to endoretluplical ioti. To lurlber examine 
lids cell c\c)c clfect, Ad-CaSm-infceied cell lines were 
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Figure 5. Comhinatinn fiemdtnhinvlAti-fiCaSm r/;rmo-;tr(»wr thrrtlffy 
sifinificatufy vxfc.mh xnnuvaf in a suhctttonenn.x model of pahcrtnttc 
cancer. Animals heorinf; suhcutaneous AsPC- 1 in mots werr tttotrrf f>H 
Day 0 with a sitif^le intra fit mnr injection of WOftf of valine contoininff Ad^ 
LacZ nr Aff-aCoSm. Ammah aho received fOOfit inthtpfritoH^iit 
injections of saline or gemcitabine (40mg/k^} on Day 0, 3, 6, nnd P. 
Animals were monitored over time to determine the effect of romhfhotfoH 
treatment on median stm'ivai The combination chemo-gene therapy nyji 
clearly beneficial and extended median surv ival from 6 J to P6 i/ov.t. 
(Modi fed from KellcyJR ef a I. Sttry;rn- IJO: 2^0- 2S>'^. 2001), 



Stained with DAPI and chromatin structure was examined 
by fluorescent microscopy. Results indicate that the 
chromatin of CaSm antisense-treated cells is condensed into 
chromo.somes in the infected cells. This condensation is 
characteristic of prophase and shows that infected cells at 
least enter the first stage of mitosis. However, careful 
analysis of DAPI-stained cells demonstrates a striking lack 
of mctapha.se cells. In ten high-powered fields, control and 
Ad-LacZ-infected cells contain 17 and 19 mctaphase cells, 
respectively. In sharp contrast, Ad-aCaSm-lrcated cells 
contain only 2 mctaphase cells in 10 fields. 

This data indicates that following a reduction in CaSm, 
cells enter the first mitotic stage of prophase but do not 
complete alignment in mctaphase. This is an incomplete 
mitosis and argues that Ihe cndomitotic sequence is 
responsible for the increased DNA content after infection 
with Ait-rrCaSm. In human megakaryocytes Ihe cndomitotic 
block occurs in an incomplete anaphase thai seems to result 
from altered mitotic spindle dynamics. This appears to he a 
difference from the CaSm aniisense effect. However, 
biriher experimentation is needed to more fully charactcri;:c 
the phase of ihe cell cycle where the C^iSm antiscnsc effect 
is predominant. We have not yel examined the spindle 
following infection wilh Ad-<(('a.Sm. C^iSm antisense may 
result in allered spindle dynamics lhal preclude mctaphase 
alignment thus linking Ihe two effects to a common site of 
delect. In addition, there arc several markers of prophase. 
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prometaphase. mcl;iph;isc ^ind anaphnse thru couUI l>c used 
in future cxpcritncnis to confirm n prnphntic h\nvk und ^mdy 
the other M»gcs oi mitosis. Experlmcnis arc currcnily 
underway to answer these question?;. 

Multl-modnlity (hcrnpy 

Despite an incomplete understanding of the mechanism of 
Ad-aCaSm*s anti-tumor effect, it is clear that rlccrcascd 
CaSm expression reduces pancreatic cancer ccti jsrtnvih in a 
cytostatic manner. This unique anii-tumor effect results 
from n decrease in G, phase and an increase in S-phasc and 
DNA that immediately suggests a method of combination 
multi-modality therapy. An increase in the rchuivc 
proportion of S-phase active cells with an Mcciimulatinn of 
DNA suggests that a CaSm-based gene thcrapv may 
combine favorably with a cytotoxic chemotherapy that is 
active during synthesis. To test this hypothesis. CaSm 
antisense gene therapy was combihed with gemcilabine 
chemotherapy and examined for effect Oti pancreatic cancer 
cell growth. The combination of Ad-nCaSm with 
gemcitabine results in a substantial decrease of tn vitro 
proliferation in the AsPC-l cell line versus single agent 
therapy (24). More importantly, this combination therapy is 
markedly more effective in an in vtvo tumor model of 
pancreatic cancer (Figure 5). Trcatmetll with gemcitabine 
in combination with an Ad-LacZ Control virus reduces 
tumor volume by 359?. Ad-nCaSm alohe decreases tumor 
size by 3fi% but the combination therapy reduces lumor 
volume by more than TOCf (24). 

Moreover, the mulli-modanty therapy significnnt ly 
prolongs survival compared to either single agent. 
Untreated control animals die within 80 days in this mode! 
system with a median sur\'ival time of 60 days. Treatment 
with gemcitabine prolongs survival to 78 days, whereas Ad- 
aCaSm as a single agent prochiccs a median stifA'ival time of 
1^) days. However, that combination of Ad-aCaSm with 
gemcitabine results in a median survival lime of 100 davs 
with some animals surviving lor more than 120 davs(24). ' 

Conclii.sion 

Pancreatic adenocarcinoma remains a major medical 
problem wiih an c.MremcIv high mortality rate. Ijiek nt an 
cITcclivc therapy ha^ let! lo an increased inlcrcst in novel 
treatment moilalitic^ lo improve the management oC (his 
dismal tlisease. Recent Mudie^ by oirr group snm:cM (h;)l 
Ihc canccrMissoer;,!ed Sm-like fCaSm) oncogene server as 
a novel target in the palht^genesi. of pancreatic e:ineer and 
that Ca.Sm-baved gene ifierapy may have pniential, CaSm 
is overcxprev^ed in m-ue than NO^ of human p;fnere:»lie 
cancer samples and a decrease in CaSm cxprevM^m rcMdls 
in a decrease in pancreatic cell growth both in nnn and in 



vivo. The mechanism of this anti-tumor effect appears to he 
n cytnstntie inhibition of the cell cycle with n corresponding 
increase in DNA synthesis activity. This mechanism of 
action allows Ad-aCaSm gene therapy to combine 
favorably with gemcitabine chemotherapy resulting in an 
additive decrease in tumor growth and a significant survival 
advantage. 

Thus CaSm represents a novel target with exciting 
potential as a new treatment approach for pancreatic 
cancer. Further work is necessary to more fully describe the 
normal function of CaSm and the mechanism of Ad- 
oCaSm's anti-tumor effect. Additional studies combining 
CaSm-based gene therapy with other chemothcrapcutic 
agents are currently under^vay as are experiments to test the 
titility of CaSm as an early detection. 

Acknowledgements 

This work was supported in part by grants from NSF ( I3100.ZI36 
$C EPSCoR). DOD (N00014.%-1.129R) (DKW) and a scholarship 
from the Abncy Foundation (MMF). 

References 

1 Landis SH. Murray T, Boldcn S and Wingo PA: Cancer 
statistics, 1998 [published errata appear in CA Cancer J Clin 
1998 May-Jun: 48(3):192 and 1998 Nov-Dec:48(fi):329]. CA 
Cancer J Clin 4S: 6-29, 1998. 

2 Longncckcr DS and Terhunc PG: What is the true rate of K- 
ras mutation in carcinoma of the pancreas? Pancreas 17: 323- 
4. 1998. 

3 Hruhnn RM. Goggins M. Parsons J and Kern SE: Progression 
model for puncrcatic cancer. Clin Cancer Res 6: 2969-72, 2000. 

4 Goggins M. Hruban RH and Kern SE: BRCA2 is inactivated 
late in the development of pancreatic inlrncpithclial neoplasia: 
evidence and implications. Am J Palhol /.Vj: 1767-71. 2000. 

5 Wilcntz RE. Chung CH. Sturm PD, Muslcr A, Sohn TA. 
Offcrhaus GJ. Yco CJ. Mruhan RH and SIcbos RJ: K-ras 
mutations in the duodenal fluid of patients with pancreatic 
carcinoma. Cancer fS2: 96- If).'^, I0t)8. 

6 Tsuchida T. Kijima H. Oshika Y. Tokunaga T. Ahe Y. 
Yaniazaki M, Tamaoki N. Ucyama Y. Scanlon KJ and 
Nakamnra M: Hammerhead ribo/,yme spcciricatly inhihils 
mulanl K-ras mRNA n\ htmian pancreatic cancer cells, 
Iliochem IJiophys Res Commun .^riX-73. P>'»S. 

7 Bcrrn/pe Ci. SchaelTer J. Peinado MA. Real FX and Pcrucho 
M: Cnmparaiive analysis of mulatinns in the p53 and K-ras 
cenes in pancrealic cancer. Int j Cancer IS5-<>t. 1994. 

'S Takcnclii M. .Shichinohe T. Senmarii N, Miyaninto M. Rijita H. 
lakimofn M. Komh> S. Kaloh II and Ku/imiaki N: The 
dnminanl neualivc I l-ras mutanl. NI \ tA\ suppresses urowth of 
niclaslalic human pancrealic cancer ccIK in I he liver ni nude 
mice. Clene I her 7: 5IS-:f>. :fH){>. 

" Ilwani: R|-. finrthm f-M. Amlervon \Vf- ;,iul l^irekh t); Ccne 
therapy Inr primary and melaslatic pancrearic cancer wilh 
inlrapcriloneal retroviral vector hearinu Ihc wihl-tvpe p53 ecnc. 
Surcery l43-.'^tl; discussion 1.^0-1. I'MJS. 



2i)\2 



KcWcy rral: A Review of CtSm Gene Thcnipy 



10 Bouvcl M. Bold RJ. Lcc J. Hvans DB. Ahhru;.7.csc JL, Chin.i 
PJ. McCnnkev D. Chnntlrn J, Chada Fang U and Roth JA: 
Adcnovirus-mcdiatcd wild-lypc p53 tumor suppressor gene 
therapy induces npoplosis and suppresses growth of human 
pancreatic cancer fsce comments). Ann Surp Oncol v fiSI-« 

11 Schweinfcsl CW. Graher MW, Chapman JM. Papas TS. 
Baron PL and Watson DK: CaSm: nn Sm-likc protein that 
conlribiitcs to the Iransformed state in cancer cclK. Cancer 
Res 57: 29^1-5. I'M??. 

12 Hermann M. Brahms H and Uhrmann R: snRNP Sm proteins 
share two cvohitinnarily conserved RCqiicncc mntifs which arc 
involved in Stn proiein-proicin interactions, [-mho I /J 2()7ri- 

13 Kambach C. Walkc S. Young R, Avis JM. dc la r oridle B. 
Raker VA. Luhrmann R. Li J ;md Nagni K: Crysial structures 
of two Sm protein complexes and their implications for the 
assembly of the spliccosomal snRNPs. Celt 96. 375.S7. |m?g. 

M Kambach C, Walkc S and Nagai K: Structure and nsscmbfy of 
the spliccosomal small nuclear ribonuclcoprolcin particles. Curr 
Opin Struct Biol 9; 222-30, I W. 

15 He W and Parker R: Functions of Lsm proteins in mRNA 
degradation and splicing. Curr Opin Cell Biol 12: Mf^^5{l 2000. 

16 Salgado-Garrido J. Bragado-Nilsson E. Kandcls-Lcwij: S and 
Scraphin B: Sm and Sm-like proteins assemble in two 
related complexes of deep evolutionarv origin Fmbo I /,v- 
3451-62. 1999. 

17 Achsel T, Brahms H, Kastner B» Bachi A. Wilm M and 
Luhrmann R; A doughnut-shaped hetferonncr of human Sm-likc 
proteins binds to Ihc 3'-end of Ufi snRNA, thereby fncililatinn 
U4/U6 duplex formation in vitro. Em bo ] iS: .S7SO.Kn2. P>9<>. 



I« Bouverci I:. Rigaul G. Shcvchcnko A. Wilm M and Scraphin 
B: A Sm-like protein complex that participates in mRNA 
degradation. Embo J 10: 1661-71, 2000. 

19 Dunckley.T and Parker R: The DCP2 protein is required for 
mRNA decapping in Soccfwromyccs crrrvisinr and contains n 
functional MulT motif. Embo J 5411-22. 1999. 

20 Zhao J. Kcsslcr M. Hclmling S, O'Connor JP and Moore C: 
Ptal. a component of yeast CF U. is required for both cleavage 
and poly(A) addition of mRNA precursor. Mol Cell Biol /9: 
7733-40. I0U9. 

21 Mitchell P and ToIIcrvcy D: mRNA stability in eukarvotes. Curr 
Opin Gene I Dcv fO: !93-H. 2000. 

22 Rocck R. Lapcyre B. Brown CE and Sachs AB: Capped mRNA 
degradation intermediates accumulate in the veasl spb8-2 
mutant. Mol Cell Biol IS: 5062-72. I99S. 

23 Kclley JR. Brown JM. Frasier MM. Barton Pi... Schwcinfcst CW. 
Vournakis JN. Watson DK and Cole DJ: The cancer-associated 
Sm-like oncogene: a novel target for the gene therapy of 
pancreatic cancer. Surgery I2S: 353-60. 2000. 

24 KcMey JR. Fraser MM. Schwcinfcst CW. Vournakis JN, Watson 
DK and Cole DJ: CaSm/gemcitabine chemo-gcnc therapy leads 
to prolonged survival in a murine model of pancreatic cancer. 
Surgery 280-8. 2001. 



Received December 13, 2002 
Accepted Fehnwry 6, 2003 



2013 



C itrrcnf Gene Therapy, 2003, J. 341-355 



Molecular Therapeutics of HBV 

Ruian Xu'"^*'^ *, Kcxia Cai\ Dexian Zheng\ l long Ma\ Sue Xu^ and Sheung-tat Fan^ 

^Gcne Therapy Laboratory, /tUB, ^Center for- the Slfufy r)f Liver Diseases, The University of Hon \^ Kon\i, llon^ Kong and 
^School of Basic Medicine, Pckinj^ Union Media ff Colle^^c, Beiiin\;, China 

Abslrnct: I hc hcpntilis B virus (MBV) infcclton is a public hcnith problem workiwidc. pnilicularly in Ir.ast Asio. The 
current Ihcrnpy of 11 IW infection is mostly b:iscd on cbcinicii! npcnis and cytokines ihnt h;ivc been shown (o provide 
timitcil clTicncy ntul arc niso loxic to the hnman IhhIv. 

Gene therapy is a new therapeutic strategy against HBV infection, involving the transmission of gene drugs into liver cells 
hy spccil'ic delivery systems nnd methods. Ahhougli this new nnti-I IBV infection technique is under active investignlion. 
various promising an!i*MBV virni gene drugs have been developed for gene therapy, including nntisense RNA and DNA, 
hammerhead riho7,ymcs» domihant negative MBV core mutants, single chain antibody. co*nuclease fusion protein, and 
antigen. In order to oplihll^.e Ihctr antiviral effects and/or enhance anti-MBV immunity, various novel gene delivery 
systems have also been developed to (spccincally) deliver such DNA constructs into liver cells: some of them are viral 
vectors, such as adenoviral vectors, retroviral vectors and poxviral vectors, and even hepatitis B viral for its hepatocellular 
speciftciiy. Others arc non-viral vectors, in which naked DNA and liposomes are frequently used for DNA vaccine or 
nucleotide analogs for inhibiting MBV DNA polymerase. 

This review addresses various aspects of ccnc therapy for IIBV infection, including gene drugs, delivery methods, animal 
model, and liver transplantation wiifi combination therapy. It also discusses the problems that remain to be solved. 



1. INTRODUCTION 

Despite the availability of efficient vaccines for 
protecting previously unexposed • individuals, hepatitis B 
virus (HBV) infection remains a hiajor cause of morbidity 
and mortality worldwide. There is significant geographic 
variation in infection rates, but it is estimated that 350 
million people worldwide have chfonic HBV infection [Lee, 
1997]. In Southeast Asia, Africa ahd China, more than 50% 
of the population is infected, and 8% to 15% have become 
chronically infected. Chronic HBV infection is the cause of 
up to 50% of cirrhosis cases and 70%-90% of hepatocellular 
carcinoma (HCC) in these regibrts [Lok, 1992; Patiovich, 
1998]. Between 250.000 and 300,000 new HBV infections 
occur annually, and 4,000 to 5,000 pei^ons die annually from 
cirrhosis or liver cancer in the United States. Neonatal HBV 
infection nearly always results in thronic HBV infection. 
Pre-existing immunosuppression ctlso increases the risk of 
chronic infection. Because the prevalence of infection is 
largely determined by a feedback mechanism, and the 
carriers are the most influential, predictive quantity, 
reduction in carrier prevalence via therapeutic treatment can 
be a means of controlling the incidence of MBV quickly 
relative to the effect of immuni/.ation and behavior 
modification [Medley ef a/., 2001]. 

Chronic hepatitis B is the result of a continuing attack on 
infected cells by the host immune system, which is not 
vigorous enough to eradicate all the infected hepatocytes 
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[Chisari, 1995]. Therefore, two main non-exclustvc 
strategies can be envisaged to eradicate viral infection: 
inhibition of viral replication and/or nonspecific inhibition Of 
viral replication combined with enhancement of iitlrtiurte 
response [Zoulim» 1999]. Currently, the only therapy fof* 
chronic hepatitis B with a lasting beneficial effect is th€ 
systeinic treatment with interferon (IFN-a having dtJil 
properties, in that it inhibits viral replication and ^Iso 
stimulates cell mediation immunity to HBV by mechdrtijilis 
that have not been fully delineated. The sustained response is 
achieved in only one third of patients [Hoofndgle dhd 
Bisceglie, 1997]. Any patients with chronic hepatitis B ftnd 
markers of active viral replication, elevated ALT level dhd 
chronic hepatitis on liver biopsy are potential candidate* fof^ 
IFN-a therapy. HBV genotype C, compared to genOtypfc B, 
is associated with a higher frequency of core promoter 
mutation, and a lower response rate to interferon alpha 
therapy [Kao et oL, 2000]. In addition to its severe side* 
effects [Hoofnagle and Bisceglie, 1997; Main et aL, t998)» 
IFN-a exhibits a short half-life in blood after parenteral 
protein administration [Hercmans ef oL, 1980], which limits 
its performance, as it is unable to make sufficient or 
sustained deliveries of the protein into the liver. Recently, 
nucleoside analogs have provided a therapeutic alternative, 
leading to a rapid decrease in serum HBV DNA levels and to 
a histologic improvement in the treatment of liver disease 
[Lai et al., 1998; Urban ef oL, 2001]. Clinical data show that 
lamivudine is an effective treatment for a wide range of 
patients with chronic hepatitis B, whose advantages include 
lower cost, peroral administration and a high r pfltlcnt 
tolerance than IFN [Yao, 2000], however, short-term 
ircatmcnt leads to a rapid relapse of the disease, dnd lortg» 
term treatment often results in the developing of drug 
toxicity [Lee, 1995) or the selection of resistant viral vftrillrtts 
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[Zoulim and Trcpo, 1998]. These outcomes cmplinsi/x the 
need for novel thcrnpctitic appronchcs fHoornnpIc nnd 
Disccglic, 1997). In fncl, the more ndvnnccs in our 
understanding of the mechanisms underlying virus life 
histories^ the more opportunities for the rntionnl design of 
molecules that could specifically block viral infection, 
replication and maturation. Moreover, a combination of 
therapies with different mechanisms of actions may be most 
effective and prevent the selection of resistant viral strains. 
Genetic therapy may be one such therapeutic approach, as 
many transgenes have been shown to inhibit HBV in vitro or 
in vivo. 

2. MOLECULAK DRUGS 
2.1 Antiviral Strategics 

2. /. / Anti-Sense Nucleotide 

Besides the study of cellular and viral gene functions, 
active research on antisense nucleotides i$ also underway, for 
their potential to interfere with viral gene expression as 
antiviral agents. The processes of rej5llcation, transcription, 
and translation of HBV can be blocked by antisense 
molecules specifically binding to targfet genes to inhibit viral 
actions. Previous studies have shown that a number of 
antisense oligonucleotides against HBV mRNA arc able to 
inhibit viral gene expression in vitro. Many of these effective 
molecules, whether chemically synth^iiixed or cndogenously 
expressed, targeted almost all Xht specific functional 
sequences of viral genes. In the cell Culture system, antisense 
DNA directed to HBV polyadenylation signal [Nakazono et 
ai., 1996; Wu et ai, 1992], S^Upstrea m sequences 
[Nakazono et ai,, 1996] and X gene fFeng et of., 1997], and 
antisense RNA complimentary to preS/S [Tung and Bowen, 
1998; Ji et a!,, 1997; Wu and Gerber 1997], preC/C [Ji et al 
1997; Soni et al., 1998], HBV X dfid HBV P [Wu et ai. 
2001], are particularly effective. Without an identical model, 
it is not certain which target is resultdntly more effective. 
Korba and Gerin examined the ability of 56 different single- 
stranded oligodeoxyribonucleotidcs (14-23 nucleotides in 
length), which target several HBV-specific functions, to 
inhibit HBV replication in the hurrtah hepatoblastoma cell 
line 2.2.15. The oligomers directed against the HBV 
encapsidation signal/structure (epsilon) showed the most 
effective antiviral efficacy against HBV [Korba and Gerin, 
1995]. Dual-target antisense RNA, e^cpressed bv retroviral 
vector in HepG2.2.15 cells, also exhibited higher inhibitory 
effect than its single-target counterparts (Wu et ai, 2001]. In 
vivo, an antisense oligodeoxynucleotide directed against the 
5'-region of the preS gene of DHBV inhibited viral 
replication and gene expression in Peking ducks 
[Offensperger e/ ai, 1998]. Furthermore, poly-DNP-RNA 
with antisense RNA targeted against the DHBV polymerase 
gene could completely inhibit duck viremia, and thus viral 
DNA disappeared [Xin et al., 1998]. Another antisense 
oligomer, complementary to the cap site of the SP M 
promoter of HBV mRNA, also produced an effective 
inhibitory effect, after injected into nthymic nude mice 
producing HBV markers [Yao et al., 1996]. Putlitz and 
Wands compared sense and antisetise RNAs on HBV 
replication, and found that both inhibited HBV replication, 
but only sense sequence inhibited HBsAg secretion \P\\\\\{z 



et al.^ 1999]. This demonstrated that both sense and antisense 
hnsc strnlcgies could he successfully itscd to inhibit virrtt 
replication [Ding era/., 1998], 

A new concept of antisense is covalcntly linked to 
Ribonuclease H to obtain a direct specific cleavage event. It 
has been tested in tube to cleave HBV mRNA with the 
sequence recognizing ability of oligonucleotide specific for 
the DRI region linked with RNase H [Walton et ai, 2001). 

2.L2 Ribozynte 

Ribozymes act as RNA-clcaving RNA molecules that can 
cntnly7.c the clcavengc nnd inactivation of other cellular find 
viral RNA molecules with a specific nucleotide sequence. 
Their success in vitro is unquestioned, and the use of 
ribo7,ymcs, especially small catalytic RNAs, in antiviral gene 
therapy is also being actively pursued [Welch et al, 1998; 
Wong-Staal et ai, 1998; Macpherson et al., 1999; Amado et 
oi, 1999]. The hammerhead ribozyme and the hairpin 
ribozyme have been designed to' inhibit HBV gene 
expression, and have been analyzed in a cell culture SystefTl. 
Presently, a chemically modified ribozyme, targeting HBV 
mRNA, is at the clinical development stage. The main 
challenge for the use of ribozyme is the search for accessible 
target sites on a substrate RNA. A combinatorial screening 
method has been used to identify catalytically active hairpin 
ribozymes that mediate intracellular antiviral effects on HBV. 
[Zu et al, 1999]. Several hammerhead ribozymes also have 
been used with varying success to inactivate HBV RNA. The 
targeted sequences include poly (A) signal sequence [Fertg t\ 
al, 2001], the tail region of the HBV core protein [Feng e/ 
al, 2001], and dual sites in HBc RNA [Li et al, 2000), 
Three hairpin ribozymes have been designed to target the 
pgRNA and specific mRNAs encoding^ the HBsAg, the 
polymerase and the X protein, and cotransfected into HuH*7 
HCC ceil together with small amount of an HTD of HBV In 
transfected human hepatocellular carcinoma (HCC) cell*. As 
a result, the virus particles-associated HBV levels were 
reduced up to 83% [Welch et al, 1997]. HBx RNA is the 
most plausible target for the ribozyme to block the HBV 
replication because the sequence of the smallest )( 
transcription is fully included in the 3' sequence of all HBV 
transcription. Using ribozyme-encoding vectors to transfcct 
liver cells, two research groups found that hammerhead 
ribozyme targeting to HBx sequence cleaved the substrate in 
a catalytic manner [Passman et al, 2000; Kin et al, I999), 
however, Weinberg et al suggested that an antisense 
mechanism without substrate cleavage might be the 
dominant intracellular effect [Weinberg et\}l, 2000]. 

Previous unsuccessful attempts [von Weizsacker et al, 
1992; Beck et al, 1995] at using hammerhead ribozymes for 
the intracellular inhibition of HBV revealed that activity- 
selected ribozymes are likely to be more effective than 
sequence-selected ones, with respect to intracellular 
inhibitory effects. Extra sequences cndogenously 
coexpressed with ribozyme may have an effect on the 
folding of the RNAs, and thus affect ribozyme formation and 
its accessibility. A recent report showed that the insertion of 
trans-ribozyme between two cis-ribozymc sequences led to 
the removal of the extra sequences and the abolishment of 
any cis-inhibitory effect from the non-ribozyme sequence 
[Feng et al, 2001]. This argues that the level of the ribdzyme 
expression is correlated with its inhibition efficiency in 
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cultured cells, which was found in d previous study [Kin ct 
aA, I999|. And this outcome indicfttcs thnt a more effective 
delivery system is required in flhli-HOV gene therapy. 
According to a published work on HIV, Rev-binding RNAs 
efHciently block HIV- 1 gene expression^ whereas other 
anlisense RNA and ribozymes have little or no effect when 
expressed in the same cassettes. This observation 
demonstrates that different promoters should be chosen when 
expression Cassettes are constructed to express different 
antiscnsc RNAs and ribozymes irt order to transcribe ihcm 
efficiently* stabilize them against rapid degradation, fold 
them correctly, and deliver them direcdy to jipproprintc pnri 
of a cell [Good cf a/., 1997]. 

The efncicncy of ribozyme action in the complex 
intracellular environment is difficult to predict. Development 
of therapeutic sequences is often gtjided by the empirical 
assessment of intracellular functional inhibition of a target 
[Weinberg el a!., 2000], and thus is not always reliable. 
Plasmids containing intact HBV sequences or a modification 
in which the preS2/S region was replaced by DNA encoding 
enhanced green fiuorescent proteiti (feCFP) were used to test 
ribozyme action in transfected C^lls. The measurement of 
EGFP expression is convenient to assess ribozyme action m 
5/7t/ [Passman et oi, 2000]. 

2. /J Triplex Forming Oligodeoxymicleofide 

Unlike an antisense oligonucleotide, a triplex forming 
oligodeoxynucleotide (TFO) acts directly on the gene by 
binding to duplex DNA in a stable, sequence-specific 
manner. This oiigonucleotide^-dirccted triplex DNA 
formation has been shown to inhibit transcription factor 
binding to purine-rich motifs, artd the TFOs have been used 
in this way to block transcription of various genes in vitro 
and in intact cells (McCuffie et al., 2000; Jendis ei ol., 
1998]. Gao ef ol. designed a TFO th&t can form triplex with 
SPl sites in HBV core promoted. When transfected into 
HepG 2.2 J 5 cells by packing with liposome, the synthesized 
TFO can effectively inhibit replication of HBV [Gao et ai, 
2001], The blocking of viral replication at transcriptional 
level with TFOs is a very promising molecular approach, 
although results in HBV infection are rare. 

Aptamcr 

Many aptamers are designed to block protein functions. 
Aplamer, a small nucleotide, can bind to its ligand (protein, 
ion, antibiotic, etc.) with high affinity and high specificity. 
Their binding is due to their 3*D conformation. There is no 
sequence complementation between an aptamcr and its 
ligand. Recently eight peptide aptamers were isolated from a 
randomized expression library, which specifically bound to 
the HBV core protein under intracellular conditions. One of 
them inhibited HBV replication by blocking viral capsid 
formation. This provides a new basis for the development of 
therapeutic molecules with specific antiviral potential against 
HBV infection [Butz et af., 2001]. Accumulated findings 
about interaction between cellular proteins and specific 
sequences of HBV gene may give some hints for application 
of this new approach. Since interaction between nuclear 
receptors and the nuclear receptor response elements 
(NRREs) present in the HBV genome may play critical roles 
in regulating its transcription and replication during HBV 
infection of hcpatocyes [Yu et al.^ 2001]. an aptnmcr can be 



designed to express in nucleus to compete for binding tO thft 
nuclear reporter proteins, and may result in anti-HBV 
infection. Similarly, aptamers binding to YYt, fl 
transcription factor, may prevent HBV genome integrating 
into the cellular DNA, according to the report that integrated 
hepatitis B virus DNA preserves the binding sequence of 
YYl at the virus-cell junction [Nakanishi-Ndtsui tt ot,^ 
2000]. For HBV pregenomic (pg) RNA to be encap3ld&ti*d» 
its 5' end is' folded into a stem-loop structure^ that the 
cncapsidation signal (epsilon), which is involved In the 
activation of polymerase [Kramvis and Kew, 1998]i This 
offers the possibility of innctivnting HBV polymerase prbtcln 
by an aptamcr, probably a more attractive and effective 
approach. 

2. /. 5 Nucleoside A naloff 

Nucleoside analog replaces naturally occurring 
nucleosides such as adenosine, guanosine, cytidirtft,, aild 
thymidine and uridine, and causes DNA chain terminatlftfl. 
Using the avian HBV model system, Urban et al obtained 
new insights into the catalytic mechanism of HBV ftVfe^se 
transcriptases (RT). It was shown that pyrophosphate (PP!)- 
dependent RT activities were able to efficiently remove 
newly incorporated nucleotides and certain antiviral drOgS 
even under low, cytoplasmic concentrations of PPi. These 
activities operating during viral replication could potehtially 
undermine the efficacy of some drugs. Analysis of thftltl* 
terminated DNA revealed that the potent anti*HBV drtlg 
lamivudine (3TC) was difficult to remove by 
pyrophosphorolysis, in contrast to ineffective thSin 
terminators such as ddC. Therefore, it was suggested that 
HBV-RT pyrophosphorolysis activity may be a riovel 
determinant of antiviral drug efficacy, and could Serve as a 
target for future antiviral drug therapy [Urban et al^ 2001). 

Nucleoside analog drugs suppress the replication fetit dO 
not eradicate the HBV. As a result, stopping the medtedtibirt 
may lead to a relapse of HBV. Lamivudine therapy induc*^ 
improvements in chronic hepatitis B in a high proportion of 
patients, but prolonged therapy is limited by the develOptH^iit 
of viral resistance [Zoulim and Trepo, 1998], Ctitlibal ddtft 
showed that long-term therapy with lamivudine resulted ifl 
sustained improvements in virologic, biochemical* dtid 
histologic features of disease in most patients with MB^Ag* 
negative chronic hepatitis B and in the subgroup of HBeAg* 
positive patients with high serum transaminase levels, A high 
rate of resistance limited efficacy, particularly in patients 
who remained HBeAg positive on therapy [Lau et al.^ 2000J, 
The HBV-specific CTL response before and duHng 
lamivudine therapy was studied longitudinally in 6 HLA-A2* 
positive patients with HBeAg+ chronic hepatitis B. This 
study shows that lamivudine treatment can overcome 
cytotoxic T-cel! hyporesponsiveness in chronic hepalitis B 
[Boni et aL, 2001]. With the use of lamivudine, induced 
antiviral immune responses and consequent viral climinatioli 
have been observed in chronic hepatitis B patients whO 
received six monthly intradermal vaccinations with HBsAg 
or together with daily InterIeukin-2 (IL-2) s.c. (Dahmen et 
al., 2002). These data demonstrate that a cure for chrotlic 
HBV infection may be achieved by treatment with 
lamivudine in combination with immune therapies. 

The FDA approved Lamivudine, a nucleoside analog, in 
1998 for the treatment of chronic HBV infection. Nucleoside 
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analogs of this type directly block HBV poiymerase-rcvcrse 
transcriptase and inhibit viral replication. Treatment with 
Inmivudinc nt n dose oT 100 mg given ornlty once daily 
results in a rapid decrease in the HBV DNA level and 
marked improvement in measures of liver injury (Mailliard 
and Gollan» 2003]. The major problem with lamivudine 
monotherapy has been the emergence of drug-resistant HBV 
polymerase (YMDD) mutants. As a result, long-term use of 
lamivudine in other settings remains controversial [Pcrril!o» 
2002]. Ncvver nucleoside analogs are being extensively 
investigated by studies in vivo and ifl vitro. According to in 
vitro studies, the resistance of HBV DNA polymerase 
mutants M5521» M552V to lamivudine triphosphate with 
inhibition constants (Ki) increased compared with that of 
wild-type HBV DNA polymerase. 6ncouragingIy» these 
mutants remained sensitive to adefovtr diphosphate, with the 
inhibition constants increasing 1.3 times and 2.2 times 
[Xiong et al,, 1998], In pre-clinicdl and phase 2 studies of 
patients with HbeAg-positive chronic hepatitis B, 48 weeks 
of 10 mg or 30 mg of adefovir dipivbxil per day resulted in 
histologic liver improvement* reduced serum HBV DNA and 
alanine aminotransferase levels, flrtd increased rates of 
HbeAg sero-convension. The 10 tilg dose has a favorable 
risk^benefit profile for long-term tfeatment. No adefovir 
associated resistance mutations were Identified in the HBV 
DNA polymerase gene [Marcellin et ctl., 2003]. Pcrrillo et oi 
[2000] also demonstrated that adefovir dipivoxil was 
effective against lamivudine-resistant hepatitis B virus 
(HBV). Five patients with chronic HBV infection developed 
resistance to lamivudine aHer 9 to 19 months of treatment, 
and were then treated with adefovir dipivoxil in a dose of 5 
to 30 mg daily. Two to 4 log (10) reductions in HBV-DNA 
levels were observed in 4 cases, and the ftflh patient 
becomes negative by quantitative polymerase chain reaction 
after retransplantalion in conjunction with hepatitis B 
immunoglobulin (HBlg). Combination therapy with tvvo or 
three nucleotide analogs will become one of the main 
treatments of chronic hepatitic B in future. 

2 J. 6 Peptide 

Peptide may be used as a therapeutic antigen by 
interfering with the interaction between HBV particles and 
the cell surface or the viral replication and maturation. The 
studies on components associated with the internalization of 
HBV particles may prove to be very useful to protect cells 
from infection, and consequently block viral replication. The 
existence of a fusogenic sequence was predicted in the 
junction area of the PrcS2- and S-domain of the hepalitis-B 
virus surface antigens. Evidence has been produced that the 
sequence 7-18 of the hepatitis B S domain [Berting et of., 
2000], and motif amino acids 41 and 52 of PrcS2 [Oess and 
Hildt, 2000] mediated cell-permeability. They may initiate 
the first step of viral entry. Correspondingly, the domain of 
the cellular reporter, carboxypeptidase D (Tong 1999], was 
identified, which may play a role in the binding and 
presentation of proteins or peptide substrates (Aloy et al, 
2001]. These efforts have increased the chances for the 
design of a peptide to block viral infectivity. Recently, a 
myristoylatcd Prc-S peptide was used in DMBV model. 
Though lacking in the essential part of the carboxypeptidase 
D receptor binding site, the peptide binds hcpntocytes and 



subsequently blocks DHBV infection [Urban and Gri|?on, 

2002]. 

Peptide ligands that bind to the core antigen of hepdtltii 
B virus (HBcAg) were selected from a random hexapcptide 
library displayed on filamentous phage. In vitro, one of them 
inhibited the interaction between HBcAg and the pre*S 
region of the L polypeptide, which is critical for virus 
morphogenesis. The result suggested that this peptide and the 
related small molecules might inhibit viral fisstttibly [DySOft 
and Murray, 1995]. Further study confirmed that, the 
interaction of L-HBsAg with core particles was criticdl fof 
HBV assembly, and demonstrated in principle its disruption 
in vivo by small molecules [Bottcher et of., 1998]. It was 
shown that two distinct segments of the hepatitis B virtiS 
surface antigen contribute synergistically to its association 
with the viral core particles [Tan et oL, 1999]. In binding 
assays in vitro, it was found that empty HBV core particles 
bound synthetic peptides corresponding to HBV envelope 
protein domains with the same affinity as did HBV Dl^A* 
containing core particles [Hourioux et ol.^ 2000]. Watts it dl 
studied the morphogenic properties of the peptide 
STLPETTVV, which could influence the HBV ca^Sld 
protein assembly. It was suggested that linker peptides wert 
attached to the capsid inner surface as hinged struts, forttiing 
a mobile array, an arrangement with implications fof 
morphogenesis and the management of encapsidated nucleiic 
acid [Watts et ai, 2002]. A suitable vector for the delivery of 
these peptides deserves to be found, and their antivlfal 
efficacy should be evaluated in vivo. 

2. /. 7 Chimeric Core Protein 

The restriction of HBV genome replication to the 
nucleocapsid makes this nucleoprotein particle an attffldive 
target for intervention. Dominant negative (DN) core pfOtftih 
variants have been shown to interfere with nuctcocftpsid 
assembly. In animal model systems, transient expression of 
the DHBV molecular equivalent of the WHV and HBV DN 
constructs inhibited wild-type (WT) DHBV replication by 
95% [Scaglioni et al., 1996]. Von et ai [von et ai, 1996; 
1999] fused DHBV Pol, DHBV S, lacZ and GFP, 
respectively, to the carboxyl terminus of the DHBV core 
protein to yield DN mutants that inhibit viral replication ih 
the avian hepatoma cell line LMH. Core-Pol and COre-S, but 
not core-lacZ or core-GFP, markedly interfered with RNA 
pregenome packing, while the DN core-GFP fusion protein 
formed mixed particles with WT core protein and interfered 
with reverse transcription of the viral pregenome. The resillt 
suggested that DN DHBV core proteins could target at least 
2 steps within the viral life cycle, packaging of the viral 
pregenome and reverse transcription within mixed particles 
[von et at., 1999]. More recent report showed that 
recruitment of core protein to the DHBV preassembly 
complex occurs in a cis-prefercntial manner. This 
mechanism may account for the leak of DN DHBV core 
protein mutants targeting reverse transcription [Von et al, 
2002]. 

A conceptually more powerful approach is cdpsid^ 
targeted viral inactivation, which exploits a viral capsid 
protein or other virion-associated protein as a carrier to bring 
a degradative enzyme specifically into virus particles 
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(Natsoulis and Dockc 1991]. Bcterams and Nassal [2001] 
found that C proximal fusion to the HBV capsid protein of 
the Cn'*"dcpcndcnt nuclcnsc (SN) yields a chimeric protein. 
In HBV co-lransfected human hepatoma cell, less than \ 
coreSN protein per 10 WT capsid protein subunits reduced 
titers of enveloped DNA containing virions by more than 
95%. Furthermore, no evidence was found that coreSN is 
cytotoxic. The calcium signaling, irtVblved in stimulation of 
transcription and viral DNA replicMion [Bouchard et ai, 
2001], initiates the antiviral actioti of the corcSN in the 
infected liver cell [Beterams and Na^Sdl, 2001]. 

As intracellular immunogcns* chihieric core proteins may 
induce cytotoxic T cells. It should bfe clarified whether their 
induction would soon abolish iheif antiviral efficacy or» by 
contrast^ would further contribute to virus elimination by 
concomitantly inducing a response against WT core protein 
in the infected cells. 

2, L8 Single Chain Antibody 

Several published reports have demonstrated that 
antibody genes can be expressed inside cells where the 
corresponding antibody fragments bind to their targets with 
high afTinity and thus efficiently iflti^ffcred with the function 
of cellular targets [Marasco et al^ 1993; Mhashilkar et a!., 
1995, 1997; Cattaneo et aL, 1999], A study using a cloned 
single chain Fv (sFv) fragment directed against HBsAg 
showed that this antibody ffaginent could reduce 
extracellular HBsAg levels by a mean of 85%, Confocal 
microscopy studies confirmed th^ intracellular expression 
and colocalization of the sFv and HBsAg [zu et oi., 1999]. A 
man-made antibody anti-HBc sfv could also inhibit viral 
replication intracellularly by forrtlitig SFv-HBc complex and 
interfering with the function of.HBc [Yamamolo et al., 
1999]. Using the purified Pol protein to raise monoclonal 
antibodies (Mabs), Putiitz et ol, generated six Mabs directly 
against HBV Pol protein, of which fi Mab specific for the Pol 
terminal protein region appeared to irihibit Pol function in 
the m vitro priming assay. This nftjiffescnts an important first 
step towards the further exploration of the intracellular 
antibody strategy against HBV [zu et at., 1999]. It remains to 
demonstrate their capacity for inhibiting viral replication in 
vitro and to find convenient ways for gene delivery in vivo, 

2J.9 Aipha-Giucnsidase Inhibitors 

One function of N-linked gtycans is to assist in the 
folding of glycoproteins by mediating interactions of the 
lectin-Iike chaperone proteins calnexin and calrcticulin with 
nascent glycoproteins. These interactions can be prevented 
with inhibitors of the alpha-glucosidases, such as N-butyl- 
deoxynojirimycin (NB-DNJ) and N-nonyl-DNJ (NN-DNJ), 
and caused some proteins to misfold and retain within the 
endoplasmic reticulum (ER). Evidence was given that M 
protein of HBV folded via a calnexin-dcpcndant pathway 
[Werr and Prange, 1998], The presence of NB-DNJ virions 
and the M protein were retained surprisingly [Mehta et al., 
1997], and proper intracellular routing of HBV glycoproteins 
was disrupted in cells where ER glucosidase was inhibited 
[Lu et al,, 1997], In a woodchuck model of chronic HBV 
infection, the NN-DNJ-induccd misfolding of HBV 
enveloped glycoproteins prevented the formation and 
secretion of infectious enveloped virus. This provided the 
first evidence that glucosidase inhibitors could be used in 



vivo and had anti-viral effects (Block et of., 1998]. Plirthef 
studies showed that NN-DNJ retained antiviral activity it 
conccntrntions that had no significant Impact n ER 
glucosidase function. In addition, N»nonyl-deoxy» 
galactojirimycin (N-nonyl-DGJ), an alkyi derivative of 
galactose with no impact on glycoprocessing, retained Atltl* 
HBV activity. These results suggested that NN^DNJ 
possesses an antiviral activity attributable to a function dthtff 
than an impact on glycoprocessing [Mehta et al., 2001.]; 
Therefore the mechanism of the alpha^glucostdase inhibitor 
action should be further elucidated to facilitate the 
application of these antiviral agents. They have already been 
demonstrated to have an antiviral efficacy against stivetftl 
viru.scs [van et a!., 1996; Zitzmann et ai, 1999; Wu et a/., 
2002], 

2.2 Immune Modulatory Strategies 

2,2./ Cytokines 

Since systemic application of cytokines is associated with 
severe side effects, researches on targeted delivery or 
endogenetic expression through a gene therapy appteftth, 
have been prompted. Eto and Takahashi prepftr<Sd flft 
asialoglycoprotein (ASGP) receptor-directed interferoti Atld 
compared its antiviral effects with that of conventiOftftl 
natural human IFNs. Their study demonstrated that dlf^tlng 
IFN to ASGP receptor facilitated its signaling in th« liVfcr 
and augmented its antiviral effect [Eto et al., 1999]* Matt* 
made Anti-HBsAg interferon fusion proteins displaying both 
IFN activity and HBsAg have prompted an altertiativc WJty 
of making a targeting drug for hepatitis B [Tong et ai^ JOOlJ 
Xia et ai,, 2002]. Local production should provide IFN rtlO!^ 
efficient and better tolerant [Aurisicchio et at., 2000]. fttAliXf 
et ai constructed a recombinant DHBV carrying th« dOck 
homoiog of IFN-a, and superinfected DHBV^pOsfttve 
hepatocytes with rDHBV-lFN in vivo. DHBV-prodUCtlbn 
decreased relatively to untreated controls, in t d05(i* 
dependent fashion, comparable to the maximal cfrect 
observed in the treatment with the IFN protein. No change In 
DHBV progeny production was seen on superinfection with 
rDHBV-GFP, indicating that the transduced IFN gene 
caused inhibition [Protzer et ai., 1999]. In an acute h<5p8titls 
model, the hepatic damage by mouse coronavirus MHV*3 
infection was reduced by help-dependent adenovirus HD* 
IFN vector expressing mlFN-a 2. Challenged with ConA; 
the HD-IFN injected mice were protected, as HD-IFN 
exhibited a protective effect against liver injury even at doSM 
that do not yield circulating mIFN-a 2 level [Aurisicchio tt 
oi., 2000]. Recently, evidence has been produced that 
enhanced interferon-stimulated gene factor-3a (p48) 
expression increases IFN-a-induced suppression of HBV 
RNA significantly, in an experiment based on humah 
hepatoma cells [Rang and Will, 2001]. This indicates thut In 
order to optimize the IFN-a effect, interferon-stimulated 
response like element (ISRE) and the interferon-stimtllated 
gene factor (ISGF) may be taken into account. Furthctinorc* 
ISGF was found to bind to ISRE-like sequence identified 111 
the linker regions located between the hcptameflc tet 
operator sequence, resulting in I FN-a- mediated tet prOtf*Oter 
stimulation activity. The data imply that the tet promoter- 
based expression system can be rendered non-rcsponslve to 
IFN-a by mutagenesis of the ISREs, and this may be 
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Other immvtnonioihilnlorv cytokines, such ns IL-12. II'N- 
a, or tumor necrosis factor-a, have potently suppressed 
HBV replication in an MBV transgenic mouse model 
[Guidotti e/c/A, 1996; Cavanaugh et ai, 1997], whereas IL- 
12 and the Thl cytokines IFN-a and IL-2 seem to play an 
important role for viral clearance ih chronically infected 
patients [Rosso! et oL. 1997; Giiidotli et a/., \999]. To apply 
IL-i2 genes in gene therapy, a plL-I2 vector was 
constructed that contained two cytomegalovirus (CMV) 
promoters to drive the expression of p35 and p40 subunits, 
respectively. In addition, a psclL-12 vector was designed 
with a linker to fuse p35 cDNA with p40 cDNA to producing 
a single-chain IL-12 protein. The data suggested that the 
vectors could produce bioactive heterodimcric and single- 
chain murine lL-12. Furthermore, ih vivo functional studies 
also demonstrated that mice co-imrriurlized with a pS vector 
expressing the major envelope proteirt of HBV and plL-I2 or 
p5clL-12 elicited higher levels of lgG2a anti-HBs antibody 
and of Thl -related cytokine. The success in using a single 
promoter to express single-chain IL-12 indicated that psclL- 
12 should be useful in future applications for ccne therapy 
[Lee era/. J 998]. 

2.3 HBV AntijTcn 

DNA-mediated immunization has been shown to be an 
effective way to induce both homb!*jil and cell-mediated 
immune responses against many different HBV antigens. 
First, the envelope protein of HBV, i.e. HBsAg, was chosen 
as a model for DNA vaccination, as it carried the major 
antigenic determinant of the virus [Mancini ef a!., 1996; 
Michel e( al., 1995, 2001; Geissler ef at., 1998; Davis ei o/., 
1996]. Using the HBsAg transgenic mouse as a model, 
Mancini ef al. studied immunization rnediated by the S and 
pre-S2 domains of the gene encoding the HBV envelope 
protein, and found that the induced immune response 
resulted in the complete clearance of circulating HBsAg and 
in the long-term control of transgene expression in 
hcpatocytes. The study showed that T ceils were responsible 
for the down-regulation of HBV mRNA in the liver. This 
was the first demonstration of potential immunothcrapcutic 
application of DNA-mediated immunization against an 
infectious disease that raises the possibility of designing 
more effective ways of treating HBV chronic carriers 
[Mancini ef oL, 1996]. Recently, they explored the ability of 
CpG-containing oligodeoxynucleotides combined with 
recombinant HBsAg to induce Thl responses in the same 
model, and suggested that DNA motifs containing 
unmelhylaled CpG dinucleotides within the context of 
certain flanking sequences enhanced both innate and antigen- 
specific immune responses, due in part to the enhanced 
production of ThI-type cytokines [Malanchcre-Brcs ef oL, 
2001]. In addition, with HBV-transgenic mice, it was 
demonstrated that the activation of dendritic cells following 
injection with vaccine containing HBsAg is the vital factor 
underlying the therapeutic potentiality of vaccine therapy in 
HBV carrier [Akbar cf ai, 1999]. As the HBV core antigen 
(HBcAg) and e antigen (eAg) are highly conserved between 
HBV subtypes, they are attractive targets for nn immune- 
based therapeutic treatment [Sallbcrg ef of., I997J99R; 



i'ownscnd cf (//., 1997]. Townscnd ef al, showed that 
intramuscular, injections of a novel recombinant retroviral 
vector expressing an HBcAg-ncomycin phosphotransferase 
II (1-IBc-NIIO) fusion protein induced HBc/eAg*specific 
antibodies and CD4-t- and CD8+ T cell responses in mice and 
rhesus monkeys [Townscnd ef al., 1997], When three 
chronically infected chimpanzees were immunized with 
nonrcplicating retroviral vector particles expressing the HBc- 
NFO fusion protein, one exhibited a traditiotiat 
seroconversion, while the other two showed transient ALT 
(lares and a significant decrease in the scrum HBV DNA 
levels fSallberg ef ai, 1998]. Recently, CTL responses 
against HBV polymerase were assayed. Immunized mice 
exhibited substantial polymerase-specific CTL responses, 
This is the first study to demonstrate the generation of a CTL 
response to HBV pol by immunization. The next task is to 
investigate the response either in infection models or in 
transgenic mice that fully replicate HBV. tn addition, the 
validation of HBV polymerase as a target for DNA^-based 
immunization requires further investigation of its potential 
toxic effects when expressed at hinh levels in cells [;^u et oi, 
2000]. 

The expression of cytokine or a costimulatory protein 
and HBV antigen in the same cells in vivo induces Stronger 
cellular and humoral immune response than expression of 
the antigen alone as demonstrated by several studies of IL-2 
[Geissler ef of., 1998; Chow ef aL, 1997], GM-CSF [GciSSler 
efoL, 1998], IL-12 [Leee/a/., 1998], B7-1 [Hee^oA, 1996]» 
and B7-2 [Zhou ef al., 2001]. This could be a novel strategy 
for the development of therapeutic vaccines against 
infectious agents. Conventional vaccine combined with CpG 
oligodeoxynucleotides motifs [Malanchere-Bres et ai^ 
2001], or vaccine with new peptide, which can elicit priming 
of antigen-specific cytotoxic T lymphocytes [Meng ef a!.^ 
2001], may also be promising therapeutic approaches and 
deserve confirmation in further studies. Furthermore, these 
immunomodulatory agents should be more useful when 
combined with drugs that are capable of blocking viral 
replication. 

3. DELIVERY METHODS 
3.1 Viral Vectors 

Delivery of genes for stable gene expression requires the 
use of an efficient gene delivery system, such as replication 
defective viral vectors. Currently, mouse retroviral vectors 
have widely been used in gene therapy, as they provide 
efficient transduction of a wide range of cell types and the 
genes arc stably integrated and expressed in the host cell. To 
achieve high transgenic expression in the liver, various 
murine retoviral long terminal repeats (LTRs) or leader 
sequences were compared, and higher gene expression was 
observed by the FMEV-type vector, which contained the 
spleen focus-forming virus (SFFVp) LTR and the mouse 
embryonic stem cell virus (MESV) leader, than by the 
Moloney murine leukemia virus (MoMLV)-bascd vector 
[Ohnishi ef al, 2002]. To expedite analysis in anti-HBV 
gene therapy, retroviral vector was used to transfer anlisense 
[Tung and Bowen 1998; Ji ef of., 1997]. It is safe to utilize 
retroviral vector encoding HBcAg to immunize chimpanzees 
and stimulate immune responses in HBV chronic carrier 



Molecular Thrrapeuflcs of If By 

chimpanzees; demonstrating retroviral vector immunizntion 
may be bcnencial in the immuno-gene thcrnpy Tor chronic 
linV InTcction [Snilhcrg et at., 199K1. However, 
conventional retroviral vectors may not be an ideni vector 
system to deliver genes into hepfltocytcs in vtm because the 
majority of liver cells are not dividing. F-urthcrmore, 
retroviral vectors can be generated in only limited quantities 
and have a broad host-range thdt dods not conduce to the 
hepatocytc tropism required for HBV.thtrapy. This problem 
has been overcome by deriving vectors from lentiviruses (a 
class of retroviruses) that have the ability to infect both 
dividing and nondividing cells. The lentiviral vectors are 
derived from human immunodeficiency virus type 1 (HlV-t) 
[Naidini et ai. 1996). More recently Sung ct at. have 
developed a system for producing murine leukemia virus 
(MLV) pscudotypcd with large (L) and small (S) HBsAg for 
targeting primary human hepatocytes. The MLV (HBV) 
pseudotype virus remains the strict hepalotropsim of the 
natural HBV, and does not Infctt any of the established 
tissue culture cell lines. The presence of both L and S forms 
enhanced the surface expression of HBsAg and thus 
increased virus production. This virvis offers a potential liver- 
specific targeting system for gene therapy [Sung and Lai, 
2002]. 

Gene therapy is not a tow risk/bcneftl approach. Safety is 
always of paramount importance for clinical gene therapy. 
Humans have an immune system t6 fight off the virus, and . 
our attempts to deliver genes in viral vectors have been 
confronted by these host responses [Xu ef at.. 2003]. The 
issues and assays needed to ensUte patient safety with this 
new vector system are still being defined [Podsakoff, 2001]. 
It has been suggested that the possibility of inadvertent 
transfer of a mobilized vector to a partner could have 
potentially serious consequences. Vector mobilization at any 
level is problematic because it thight lead to unwanted 
recombination events, which could adversely affect a trial 
subject. More thorough characterization of potential 
outcomes is necessary before it can be applied in the clinic 
[Podsakoff, 2001]. The clinical trial of gene therapy for X- 
linked severe combined immune deficiency (SCID) 
performed by the French investigators still has been seven of 
10 subjects in good health with their immune systems 
restored by the gene treatment. These findings highlight the 
potential of gene therapy to correct this otherwise fatal 
immune disorder without complications, such as graft 
rejection, that may be seen when hematopoietic stem cells 
from another donor are used in a "standard" bone marrow 
transplant approach. However, the leukemia developed in 
two of 10 infants treated for SCID by gene therapy was 
observed [Gciger, 2003). This event is directly related to the 
retroviral-medialcd insertion of the gene products. A key 
scientific question to be explored is why this problem has 
only been seen so far in this study of infants treated for 
XSCID, but not in any of the other clinical trial using 
retroviral vectors targeted to hematopoietic stem cells or any 
other trial of gene therapy [Geiger, 2003]. The extensive 
studies animal models of cancer revealed that genome-wide 
retroviral insertional tagging of genes involved in cancer in 
Cdkn2a-deficicnt mice [Lund et oL 2002] and the new genes 
involved in cancer were also identified by retroviral tagging 
[Suzuki et of., 2002]. Therefore, further assessment of the 
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risk to patients must be completed prior to initiation of any 
new clinical trial. 

Adenoviruses (Ad) are hcpatotropic when Injected 
intravenously and can be generated at a very high titen but 
the use of adenoviral vectors has been limited due to hoSt 
immune responses against the vector and/or transgerife arid 
vector toxicity [Yang et ol, 1994]. To decrease side tVitm 
associated with viral gene expression, further attenuating <Df 
viral gene expression by eliminating viral genes haS been 
attempted. Significanlly diminished vector toxicity Wft* 
obtained in mice treated with El/E2a/E3/E4-dericient Ad 
vectors. However, the duration of transgene expression 
mediated by this vector was reduced [Andrews et al^ 2001). 
Hodges et ol generated Ad vectors with lOOK gene deleted, 
and demonstrated that injection of an [EN, !OOK-)Ad vfectof 
in vivo is correlated with significantly decreased 
hepatotoxicity, as well as prolonged vector persistetice 
[Hodges ei al, 2001]. These results confirmed that 
adenoviral vectors with all viral coding sequences deleted 
offer the prospects of decreased host immune responses td 
viral proteins, decreased cellular toxicity of viral proteins* 
and increased capacity to accommodate large regUlAtOry 
DNA regions [Schiedner et at., 1998]. A simitar ftfTiCf 
occurs when using an Ad-based vector, the encapSidated 
adenovirus mini-chromosome (EAM) from which alt of the 
viral genes have been deleted [Kumar-Singh, 1998]. Us* 6f i 
liver-specific promoter also can reduce immune reSpons^i tO 
the transgene in adenoviral vectors [Pastore et ol^ 1999]* 
The combination of a helper-dependent adenovirus vector 
and liver-specific promoter resulted in intrahepatic IFN-Ct 
expression, which protected the liver in acute hepatitis model 
[Aurisicchio et al., 2000]. it was reported that cpisbrhal 
segregation of the adenovirus enhancer sequence by 
conditional genome rearrangement abrogated late viral gfenc 
expression. A recombinant adenovirus gene delivery system 
with the capability of undergoing growth phase-depfend^nt 
site-specific recombination has been constructed. Because no 
helper virus is required to propagate these vectors, the 
problems of recombination with and contamination by helper 
virus are eliminated [Wang et a!., 2000]. Another report 
showed that inserting inverted repeats (IRs) irtto the El 
region of the Ad vector could mediate predictable genomic 
rearrangements, resulting in vector genomes devoid of all 
viral genes [Steinwaerdcr <?r a/., 1999]. 

Adeno-associated virus (AAV), a nonpathogenic* single* 
stranded DNA virus, can transduce both dividing and 
nondividing cells, and achieve long-term expression of 
therapeutic genes with no apparent adverse effects. Most 
importantly, several groups have documented the ability to 
deliver sustained liver-targeted transgene expression in art 
immunocompetent host for more than 1 year, and that the 
curative level of the gene product from one injection is 
sustained for long-term in the animal [Wang et oA, 2000; 
wang et o/., 1999; Jung et ol., 2001; Xu et at,, 2001]. 
Comparable results have not been achieved with any Other 
vector to date. Additionally, a gene *pill\ i.e. an AAV vector 
administrated perorally* associated with highly efficient and 
stable gene expression, should render AAV vectors 8 
palatable choice compared with current pharmacological 
treatment [During et al, 1998; 2000; Xu et a!., 2003]. 
Recently, research has been conducted to reveal the 



J48 Oirrfttf Genr Therapy, 2nnj, Kr?/. J. /Vft. ^ 



Xtiefifi 



chromosomal effects of AAV vector intcgrntion. ft was 
reported thai integrnted vector proviriiscs nre associated with 
chromosomal deletions and other renrranfzemcnis [Miller ct 
o/.,2002]. 

Hepatitis B virus with the distinct liver-targeted features 
is an attractive candidate as a vector for gene therapy of 
acquired liver diseases. Construction of a vector from HBV 
DNA has been attempted [Chaiiomchit e( oL, 1997]. 
Hanafusa ef a/, showed that HBV cbuld carry 63 bp of extrri 
DNA [Hanafusa ef of., 1999]. Four novel cir-acting elements 
were reported to be essential for the viral genome synthesis. 
According to this result, a recombinant HBV-GFP vector 
was generated, which can replicate as efficiently as that of 
the wiidtype [Ryu and Lee 2001]. As a first step toward 
therapeutically useful hepadnavirus Vectors^ Protxer ef al. 
constructed a recombinant DHBV carrying the duck 
homolog of IFN-a, which efficiently suppressed wild-iype 
virus replication [Protzer ef al,^ 1999], However, its potential 
use as a gene transfer system may ht limited by its small 
capacity, due to the small size of the HBV genome. 

3.2 NonvirnI Vectors 

Naked DNA acts as a simple, safe and viable alternative 
for gene therapy. The use of plasmid vectors expressing the 
HBV antigens alone, or cocxpreSSirtg with cytokine, for 
transfection of muscle fibers has \>^in demonstrated to be a 
potential immunotherapeutic application against HBV 
infection [Mancini et al, 1996; Geisslfef et oL, 1998; Chow 
et ai, 1997]. HBsAg^specific huftioral or cell-mediated 
responses are not induced in micfe vvh^n the muscle-specific 
human muscle creatine kinase prottioter is used in plasmid 
DNA vaccine. This result suggested use of a tissue-specific 
promoter that does not drive expression in antigen-presenting 
cells [Weeratna ef a/., 2001]. Sevei'al approaches aiming at 
enhancing nonviral transgcnfe delivery have been 
investigated. One approach is to pulse electrical fields 
(eleclroporation or EP) after naked gene injection 
[Glasspool-Malone et ai, 2000]. These advances create new 
opportunities for nucleic acid vaccine development. 
Evidence showed that electropOf^tion enhanced that the 
delivery of plasmid DNA encoding tL*12 to skin [Heller et 
ai, 2001] or to skeletal [Lucas and Heller 2001] muscle. The 
molecule was efficiently delivered, and one of the molecules 
that induced (IFN-gamma) was also measured system ically 
in this successful delivery to skeletal muscle [Lucas et ai, 
2001]. The use of in v/vo electropot"6tion in immunotherapy 
protocols deserves further examlnattcn. Another approach is 
to combine plasmid DNA to other compounds. Poloxamcrs 
[Lemieux ct al., 2000], aurintricarboxylic acid [Glasspool- 
Malone et a!., 2000], nuclear localization signal (NLS) 
peptides [Schirmbeck et a/., 2001] and some other polymers 
(Prokop et al,, 2002] have been demonstrated to be good 
candidates for enhancing the efficiency of gene transfer. 

When liposome, one of the most popular gene transfer 
systems in vitro in the laboratory [Feigner and Ringold, 
1989], was used in vivo as liver-direCted gene transfer, it was 
observed that its transfection efficiency depended on its 
route of administration [Otsuka et al, 2000; Hirano et ai, 
1998; Mohr et a!,, 2001], and the efficiency can be increased 
by liver resection, ischemia or transplantation performed 



before DNA injection [Otsuka ct a/., 2000], Liposome can 
deliver not only the genes, but also the drugs, to the liver, To 
prevent degradation of antisense molecules in v/vo» Soni et 
ai [Soni ct ai, 1998] showed that liposomes could increase 
the hepatic delivery and antiviral efficacy Of 
phosphorothioate antisense oligodeoxynucleotidcs (PS* 
ODN). 

Many attempts for receptor-mediated liver-targeted 
delivery have been performed successfully. Since 
asyaloglicoprotein receptor is specific for hcpatocytes, DNA- 
protein complexes using asyaloglicoproteins [NakazonO et 
aL, 1996; Wu and Wu 1992] or protein conjugate** 
consisting of N-acctyl-glucosamine-modificd bovine serum 
albumin, streptavidin and Poly-L-lysine [Madon and BlUfh 
1996], have been shown to be effective at delivering 
antisense DNA to suppress HBV gene expression in vltto, 
and this receptor-mediated cndocytosis showed no hoSl 
toxicity [Wu e( ai, 2001]. An N-glycosylated human IFN- 
a was generated, which exhibited a significantly higher 
antiviral effect than conventional IFN-a in vivo [Borti et al.^ 
2001]. Complexcd with N-acety!giucosamine, a reCombirt^rtt 
human adenovirus, which does not naturally infect avian 
cells, it allowed highly efficient and specific gene transfer 
into the liver of ducks in vivo. This result represents a novel 
approach to gene therapy for inherited and acquired liver 
diseases [Thoma et ai, 2000]. The functional ability of 
synthetic galactose polymer ligand was evaluated artd pbly* 
(N-p-vinylbenzyl-O-beta- D-galactopyranosyU [1*4]-D*' 
gluconamide) (PVLA) was found to exhibit higher affinity 
with hepatocytes than natural ligands [Watanabe ef ai^ 
2000]. Oral administration of cholesteroUmodified 
phosphorothioate antisense oligonucleotides (Chol-S'OONil) 
has also been shown to target the liver, and has been 
suggested as a practical method for the long-term tredtttient 
of chronic diseases [Okamoto ef ai, 1999]. In addition, ih 
vivo gene delivery to the liver may achieve success by SOrne 
other nonviral vectors, such as reconstituted remnants of 
chylomicron, the first nonviral vector to resemble a natural 
lipoprotein carrier [Hara et ai, 1997], Linear 
polyethylenmine (IPEl)-mediated transfer was also showH to 
be a good delivery method in the duck model [Robaczewska 
etai, 2001]. 

3.3 Liver Transplantation with Combination Thcrnpy 

More recently, a combination of hepatitis B immiitie 
globulin (HBIG) and lamivudine has been shown to prevent 
F-IBV recurrence effectively in patient post-orthotopic liver 
transplantation for hepalits B virus infection. Recent studies 
have revealed that in the combination therapy group no 
patient redeveloped serum HBsAg or HBV DNA during 
mean follow-up of 459 and 416 days, respectively. In the 
monotherapy group, there was a reappearance of HBaAg in 
the serum of 3 patients (25%) during a mean follow-up of 
663 days [Han et ai, 2000]. Combination prophylaxis with 
HBIG and lamivudine is highly effective in preventing 
recurrent HBV, may protect against the emergence of 
resistant mutants, and is significantly more cost-effective 
than HBIG monotherapy with its associated rate of recurrent 
HBV. Famciclovir and lamivudine also reduced Viral 
replication in patients with recurrent hepatitis B virus 
infection after orthotopic liver transplantation [Tillmann et 
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ai, 1999], Since the trcntmcni break through is frequent for 
this specific group of patients, and there nrc no sipniflcant 
ndvcrsc side cITccls. tiic use of liver trnnspl-uitntion with 
combination therapy should he explored. 

4. ANIMAL MODELS 

The infection of ducks [Mason et ai, 1980], woodchucks 
(Summers et a/., 1978], and squirrels [Marion et a/., 1980] 
with their respective animal hepatitis viruses has been an 
important step in gaining much of our knowledge of MDV 
infection. The similarity between HBV and the closely 
related DHDV makes the latter a convenient model for the 
study of molecular mechanisms of HBV replication and 
neutralization and for the screfenihg of antiviral agents 
[Chassot €( at., 1993; Mi et a!., 1995]. However, DHBV is 
not typically associated with livct* disease. Woodchucks 
chronically infected with WHV develop progressively severe 
hepatitis and hepatocellular carcihoma similar to those 
associated with HBV infection in humans. Chronic WHV 
carrier woodchucks have become d valuable animal model 
for preclinical evaluation of anti viral therapy for HBV 
infection, providing useful pharmacokinetic and 
pharmacodynamic result in a relevant animal disease model. 
This model also has significant potential for the preclinical 
assessment of antiviral drug toxicity [Tcnnant and Gerin 
2001]. However, due to the high level of divergence between 
HBV and these viruses and the considerable metabolic 
differences between their hosts and humans, the utility of 
these models is often limited. 

The best animal model to date for infections with human 
HBV is the chimpanzee. However, because chimpanxees are 
large-sized and highly intelligent animals, and also an 
endangered species, their use is reserved for essential 
experiments. 

Mice are not susceptible to HBV infection, but a number 
of lineages of mice have so far beeil developed to carry one 
or more HBV iransgenes. Guidotti et ai successfully 
generated transgenic mice that replicated high levels of 
human hepatitis B virus in clinically important target organs 
of the liver and kidney. Sera frotn these mice contain a high 
titer of viral DNA approaching to that found in the natural 
chronic human infection [Guidotti et ol.^ 1995]. This model 
has been demonstrated to be a valuable therapeutic model for 
HBV [Morrey et a!., 1999; Morrey et ai, 1999]. However, 
since the transgenic mouse are tolerant of HBV antigens, 
there are limitations to the use of transgenic mouse models in 
the study of the mechanisms by which the anti-HBV cellular 
immune response leads to liver disease. Recently, an HBV 
transgenic severe combined immunodeficiency (SCID) 
mouse was created. These mice consistently supported HBV 
gene expression and replication. AHer adoptive transfer of 
syngeneic, unprimed splenocytes, these mice reproducibly 
cleared virus markers from the liver and scrum, and 
developed chronic hepatitis. This unique model provided an 
opportunity to elucidate the pathogenesis of chronic liver 
disease and to evaluate new approaches aimed at both the 
virus and the disease [Larkin et al.^ 1999). A recent study has 
provided the first evidence that adenovirus-mediatcd genome 
transfer initiated efficient hepatitis B virus replication in 
cultured liver cells and in the experimenta! aniriials from an 
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extrachromosomal template. Allowing the development Of 
small-animal systems of hepatitis B vims infcctioni and 
facilitating the study of the pathogenicity of wild type and 
mutant viruses, virus-host interaction, and new therapeutic 
approaches [SprinrJ et ai, 2001]. 

An alternative way of developing an HBV-carrylrtg 
mouse model can be achieved by transplanting hurriiin 
hepatocytes. The hepatitis B virus-trimera mouse W89 
created by the implantation of ex vivo HBV-infected liver 
fragments into lethally irradiated mice, radioprotected with 
SCID mouse bone marrow cells. Viremia attained a peak 
between days 18 and 25, while HBV infection is observed in 
85% of the transplanted animals I month post-implantati(5rt 
[Man et ai, 1999]. Compared with the trimera model, a 
newly reported xenotransplant model exhibited Sorrtft 
advantages. These mice were susceptible to HBV infection 
and completion of the viral life cycle. Furthermore, they cah 
be super-infected with HDV. This study demonstrates that 
human hepatocytes can be engrafted on a long-term basij in 
mice, and serve as a model for human diseases such as HBV 
and HDV infection. This model therefore offers an impbrtant 
opportunity of studying multiple aspects of human hepatitis 
viral infection, and may enhance studies of human liver 
diseases [Ohashi et ai, 2000]. Transplanting human 
hepatocytes and inoculating HBV generated a model Of 
human hepatitis B infection (HBV) in immunocompetent ^^tS 
after birth. [Wu et ai, 2001]. Other researches have jjrdved 
that normal human hepatocytes can integrate into the moUSe 
hepatic parenchyma, undergo multiple cell divisions» and 
remain permissive for a human hepatotropic virus in d 
xenogenic liver [Dandri et ai, 2001]. 

In addition, the attempts to develop small primate models 
with hepadnaviruses closely related to HBV have provided a 
potential animal model for HBV research, e.g., the W60lly 
monkey {Lagothrix lagotricha), from which a hepadnavitlis 
(WMHBV) has been isolated [Lanford e( at,, 1998] and Is 
under investigation [Kock at,, 2001]. The molecular 
biology of WMHBV should be fully understood before the 
WMHBV/woolly monkey model system is applied in anti- 
HBV research. 

Better animal models of HBV infections afe Still 
extremely needed to test antiviral strategies for eliminating 
chronic liver disease. It was reported that natural human 
HBV could enter Wistar rat liver cells through intravenous 
injection efficiently, and express for a long period [Wang et 
at,, 1996]. This implies the possibility of a rat model infected 
with HBV. 

CONCLUSION 

Simultaneously with the increase in our knowledge of 
HBV molecular biology, especially of the replication 
mechanisms, a number of virus-specific proteins and 
nucleotide analogs, such as adfovir, or processes, have also 
been identified as targets for transgene intervention. Only 
some of these have been addressed here. Clinical trials 
indicate that different types of combined therapy may have 
to be tailor-made for chronic HBV infection. More targets 
identified, more alternatives there arc. Studies in gene 
therapy for other viruses, e.g. HIV, have been very helpful 
into anti-HBV research. The effectiveness of combination 
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genetic theriipy hns been reported in inhibiting HIV-) 
[Straycr e/ <://., 2002; Lisziewicz et ai, 2000]. But there are 
limited ilelivcry jty?iicms Un jynchrnnotis expression tW 
multigenes. Development and testing of combination anli- 
HBV genetic therapies require both transgenes that 
cfTcctively inhibit HDV individually or coopcratrvcly, and a 
vector that delivers these transgenes nt high efricicncy. 
Keeping HBV out of the cells and depriving the viruses of 
infectious ability may be ^eaIi^cd by the studies on the early 
events of the viral life cycle. Although cloning of the DHBV 
receptor may aid in the identification of the HBV human 
counterpart |Tong et a/., 1999), there arc still many 
unanswered questions in cell culture system. No permanent 
cell lines arc permissive to HBV infection, and primary 
human hcpatocytes are not easily available for in vitro 
infection studies. More importantly, an animal model 
mimicking natural HBV infection is needed to understand 
the mechanisms behind the process from acute to chronic 
states and to opt imize the protocols of immunotherapy 
and/or antiviral therapy. Nevertheless^ molecular therapy 
approaches, because of the promise they show, look set to be 
increasingly applied in clinical treatment in next few years. 

ACKNOWLEDGEMENTS 

HKU 863 matching fund to RA Xu and 863 grants to DX 
Zheng and RA Xu supported the authors' work. We thank Dr 
David Wilmshurst for manuscript reviewing. 

REFERENCES 

Akbar, A.M.F., Abe. M., Masumoto, T., Horiikc. N., Onji, M. 
(1999) Mechanism oT action of vaccine Ihcrnpy in murine hepatitis 
B virus carriers: vaccine-induced activation of antigen presenting 
dendritic cells. J. Hepatol. 30: 755-64. 

Aloy, P., Companys, V.. Vendrcl!, J., Avilcs, T.X.. Pricker, L.D., 
Coll, M. (2001) Gomis-Ruth FXThe crystal structure of the 
inhibitor-complexcd cnrboxypeptidase D domnin 11 and the 
modeling of regulatory carboxypcptidascs. Binl. Chem 276(19)' 
16177-84. 

Amado. R.G.. Mitsuyasu. R.T., Symonds. G.. Rosenblatt, J.D., 
Zack, J.. Sun, L.Q., Miller. M.. F.ly, J., Gerlach. W. (1999) A phase 
I trial of autologous CD34* hematopoietic progenitor cells 
transduced with an nnti-MIV rihozyme. Htwi. Cmr Titer 10- 2255- 
70. 

Andrews. J.L., Kadan, M.J., Gor^jglia, M.l, Katcko. M.. Connelly. 
S. (2001) Generation and characterization of l/IL2a/E3/E4- 
dcficient adenoviral vectors encoding human I'actor VIII ^fo/ Ther 
3(3): 329-36. 

Aurisicchto. L, Dciamnstro. I\. Snltucci. V.. Paz. O.G.. Povcre, P.. 
Cilibcrto, G.. Monica. N,L., Palombo, F. (2000) Liver-specific 
alpha 2 interferon gene expression results in protection from 
induced hepatitis. y \'io(. 74( 10): 4816-23. 

Beck, J., Nassal, M. (1995) rifficient hammerhead ribozymc- 
mediated cleavage of the structured hepatitis B virus cncapsidation 
signal in vitro and in cell extract.^ but not in intact cells. Nuctcic 
Adds Res. 23(24): 4954-62. 

Berting. A., Fischer. C. Schacfcr, S., Garten. W.. KIcnk, M.D.. 
Gcrlich, W.H. (2000) llcmifusion activity of a chimeric influenza 
virus hemagglutinin with a putative fusion peptide from hepatitis B 
virus. Vints Res. 68(1): 35-49. 



Bcicrams. G., Nassal, M. (2001) Significant Intcrrcrencc with 
hepatitis B virus replication by a core-nuclcase fusion protein. J, 

ftftit. (Iwm. 27f.(l2): HR75-H3. 

Block. T.M., Lu. X., Mchla. A.S., Blumbcrg, B.S., Tennflnu B., 
Ebling, M., Korha, B.. Lansky. D.M.. Jacob. G.S., Dwck, R.A. 
(1998) Treatment of chronic hcpadnavirus infection In a 
woodchuck animal model with an inhibitor of protein folding and 
trarficking. Not. Med. 4(5): 610-4. 

Blum, 1!.E., Trcpo, C, Cova-, L. (2001) Inhibition of hcpadhftvirtll 
replication by polyethyleniminc-bascd intravenous delivery of 
antiscnse phosphodicstcr oligodeoxvnucleotics to the liver. G*f»e 
rhcr. 8(11): 874-81. 

Boni. C, Pcnna, A., Ogg. G.S.. Bcrtolctli. A., Pilli, M., Cflvallo. C.« 
Cavalli. A., Urbani, S., f3oehmc. R., Panebianco, R., Fiaccndori, F., 
Ferrari. C.L. (2001) amivudinc treatment can overcome cytotoxic 
T-cc!l hyporesponsivcncss in chronic hepatitis B: new perspectives 
for immune therapy. Hepatofng}' 963-71. 

Bottchcr, B., Tsuji, N., Takahashi, II., Dyson, M.R., Zhab» S., 
Crowthcr, R.A., Murray, K. (1998) Peptides that block hepatitis B 
virus assembly: analysis by cryomicroscopy, mutagenesis find 
transfection. EMBOJ. 17(23): 6839-45. 

Bouchard, MJ., Wang, L.H., Schneider, R.J. (2001) Calcium 
signaling by HBx protein in hepatitis B virus DNA replication. 
Science 294(14): 2376-78. 

But?., K.. Dcnk, C, Fitscher, B.. Crnkovic-Mertens, I., Ullmann, A., 
Schroder, CM, Hoppe-Seyler, F. (2001) Peptide aptamers targeting 
the hepatitis B virus core protein: a new class of molecules with 
antiviral activity. Oncogene 20(45): 6579-86. 

Cattanco. A., Biocca, S. (1999) The selection of intracellular 
antibodies. Trends Biotechnol. 17(3): 115-21. 

Cavanaugh, VJ., Guidotti, L.G., Chisari, F.V. (1997) Interleukin- 
12 inhibits hepatitis B virus replication in transgenic mice. J. Vltr)i 
71(4): 3236-43. 

Chaisomchit, S., Tyrrell, D.L.. Chang. L.J. (1997) Development of 
replicative and nonreplicativc hepatitis B virus vectors. Gene TheK 
4(12): SI330-40. 

Chisari, F. (1995) Hepatitis B virus transgenic mice: insights into 
the virus and the disease. Hcpatohgyll: 13 16-1325. 

Chassot, S., Lambert. V., Kay. A., Trepo. C, Cova, L. (1993) Duck 
hepatitis B virus (DHBV) as a model for understanding 
hcpadnavirus neutralization. Arch. Virol, Suppi 8: 133-9. 

Chow, Y.H., Huang. W.L., Chi. W.K., Chu. Y.D. Tao, M.H. (1997) 
Improvement of hepatitis B virus DNA vaccines by plasmlds 
cocxprcssing hepatitis B surface antigen and intcrleukin-2. J. Vimi 
71(1): 169-78. 

Dahmcn, A., Herzog-Hauff. S.. Bochcr. W.O., Galle, P.R.. Lohr 
H.F. (2002) Clinical and immunological efficacy of intradermal 
vaccine plus lamivudinc with or vvithout interleukin*2 in patients 
with chronic hepatitis B. J. Med. Virol. 66(4): 452-60. 

Dandri, M., Burda, M.R., Torok, B.. Pollok. J.M., Iwanska, A., 
Sommcr, G., Rogicrs, X., Roglcr, C.E.. Gupta. S., Will, H., Grclca 
H., Petersen, J. (2001) Rcpopulation of mouse liver with human 
hepatocytcs and in vivo infection with hepatitis B virus. Hepatohgy 
Apr 33(4): 981-8. 

Davis. H.L., McCIuskie. M.J.. Gerin. J.L. Purcell, R.H. (1996) 
DNA vaccine for hepatitis B: evidence for immunogenicity in 
chimpanzees and comparison with other vaccines. Proc. Nat!. Acad. 
Sci. 93(14): 7213-8. 

Ding. S.F., Noronha, J., Joshi, S. (1998) Co-packaging of sense and 
antiscnse RNAs: a novel strategy for blocking HIV-I replication. 

Nucfeic Acids Research 26( 1 3): 3270-8. 



Xfotfctiior Thfrnpetttivs n/ffBl' 



Current Cenf Therapy, 2003. Vol 3. Nit. $ 35t 



During. MJ.. Symcs, C.W., l,n\v!or, IVA.. Lin, J.. Dunning. J., 
Kiusimon?:, ILL.. Poulscn. D., Leone, P., Xu. R.. Dicker, ILL.. 
Lip.'iki, L, Ynunp. D. (2000) An oml vnccinc niviinsl NMPAR I 
ernciKv in cxpcriincnlnl stroke and cpik-psy. Science 
287(5457): l.t53-60. 

During, M.J.. Xu, R., Young, D.. kflplill, M.G., Shcrwin, R.S., 
Leone, P. (1998) Pcrornl gene ihcrnpy of lactose inlolcrnncc using 
an odeno-associatcd virus vector Nat. Med 4(10): 1 13 1-5. 

Dyson, M.R., Murray, K. (1995) Selection of peptide inhibitors of 
internet ions involved in complex protein nsscmhiics: nssociation of 
the core and surface antigens of hcpEttitis B vims. Proc Noll Acad 
Sci USA 92(6): 2I9'I-8. 

Eto, T., Takahnshi. IL (1999) Enhanced inhihitrnn of hepatitis B 
virus production bv asialoglvcoprotein rcccptor-dircctcd interferon 
Nat. Med 5(5): 577-8 L 

Fatlovich, G. (1998) Progrcssioti of hepatitis F3 and C to 
hepatocellular carcinoma in Western countries, fkpatogasfro- 
e^terohg)^ 45: 1206-1213, 

Feng, Y., Kong, Y.Y., Wang, Y.» QU G.R. (2001) Inhibition of 
hepatitis B virus by hammerhead ribajtyme targeted to the poly (A) 
signal sequence in cultured ceils. Biof, Clwm. 382(4): 655-60. 

Feng, Y., Kong, Y.Y., Wang, Y., 0». G.R. (2001) Intracellular 
inhibition of the replication of hepatitis B virus by hammerhead 
riborymcs. 7. GastroenteroL Hepatol. 16(10): 1125-30. 

Feng, Z., Zhou, Y.. Yao, Z. (1997) Antiviral effect of antisense 
oligodeoxynuclcotides complcmcntdfy to hepatitis B virus X gene 
in vitro. Zhong/wa Net Ke 7m Zhi 36(4): 246-9. 

Feigner, P.L., Ringold. G.M. (1989) Cationic lipsome-mcdiatcd 
transfcction. Natufe 337: 387-8, 

Gao, Y.. Luo. D., Cai, S.Q., Zeng, LL, Li. S.L. (2001) A study of 
hepatitis B virus (H8V) anti-genome and its inhibitory effect on 
HBV replication. Zhonghita Net Ke Za Zhi 40(4): 243-6. 

Geiger. J. (2003) American Society of gene Therapy responds to a 
second case of Leukemia seen in a clinical trial of gene therapy for 
immune denciencvASGT Press, Jan 14. 

Geisslcr, M., Schinnbeck. R., Reimahh, J., Blum. M.E., Wands, J.R. 
(1998) Cytokine and hepatitis B virus DNA co-immunizations 
enhance cellular and humoral immune responses to the middle but 
not to the large hepatitis B vinjs surface antigen in mice Hepafolo^^ 
28(1): 202-10. 

Glasspool-Malonc. J., Somiari, S.» Drabick. J. J., Malonc, R.W. 
(2000) EfTicient nonviral cutaneous transfcction Mof Ther 2(2)- 
140.6. 

Good, P.D., Krikos, A.J., Li, S.X., Bcrtrand. E., Lcc, N.S., Giver, 
L, Ellington, A., Zaia, J. A., Rossi, J.J., Engclkc. D.R. (1997) 
Expression of small, therapeutic RNAs in human cell nuclei Gene 
Ther. 4(1): 45-54. 

Guldottr. L.G., Mat7,kc. B., Schaller, H. (1995) Chisari FVHigh- 
Icvel hepatitis B virus replication in transgenic mice. ./ Virol 
69(10): 6158-69. 

Guldoiti, L.G. (1999) Chisari FVCytokine-induced viral purging- 
role in viral pathogenesis Curr, Opin. Microhiof. 2(4): 388-91. 

Guidoiti, L.G.. Ishikawa, T., Hobbs, M.V., Malzkc, B., Schreibcr. 
R. (1996) Chisari FVIntracelluIar inactivalion of the hepatitis B 
virus by cytotoxic T lymphocytes, immunity* 4( 1 ): 25-36. 

I ladztyannis, S.J., Tasopoulos, N.d Henthcote, J.E., Chang, T.-T., 
Kitis, G., Rrzzxito, M., Marccllin» P.» Lim, S.G., Goodman, Z., 
Wulfsohn, M.S., Xiong, S., Fry, J., Blxjsgart, C.L. (2003) Adcfovir 
dipivoxil for the treatment of hepatitis Be antigen-negative chronic 
bepatitics B. New England J. hied, 348: 800-807. 

Man, S.H., Ofman. J., Moll, C King, K., Kundcr. G.. Chen, P., 
Dawson. S., Gold.-^lcin. L., Ycrsir^ H., Farmer, D.G-. Ghobrial. 



R.M., Busutlil, R.W. and Martin. (2000) PAn crTicacy ftnd Cd*t* 
effectiveness analysis of combination hepattis B immune globulin 
and Lamivudinc to prevent recurrent hcpntlis B nHer orthotopic 
liver transplantation compare with hepattis B immune globulin 
monotherapy Liver Transpl. 6960: 74 1-8. 

Hanafusa, T., Yumoto, Y., Hada. H., Shinji, T., Koide, N., Tsujl, T. 
(1999) Replication of hepatitis B virus which carries foreign DNA 

in vitro. Biochem. Biophyy Res. Commun. 262(2): 530-3. 

Mara, T., Tan, Y., Huang, L. (1997) !n vivo gene delivery tt> th<S 
liver using reconstituted chylomicron remnants fls a novel nohvlfn! 

vector. Proc. Natl. Acad. Sci. USA 94(26): 14547-52. 

Me. X.S., Chen, H.S.. Chu, K., Rivkina, M. Robinson WS. (1^6) 
Coslimulatory protein B7-I enhances the cytotoxic T cell respond 
and antibody response to hepatitis B surface antigen. Proc, Natl 
Acad Sci. USA 93(14): 7274-8. 

Heller, R., Schultz, J., Lucas, M.L., Jaroszeski, M.J.. Heller, LC, 
Gilbert, R.A., Moelling, K., Nicolau. C. (2001) Intradermal delivery 
of inlcrleukin-12 plasmid DNA bv in vivo clectroporatibn, DNA 
Cell Biol. 20(1): 21-6. 

Heremans, H., Billiau, A., De Somer, P. (1980) Interferon th 
experimental viral infections in mice: tissue interferon levels 
resulting from the virus infection and from exogenous interferon 
therapy. Infect Immun. 30(2): 5 13-22. 

Hirano, T., Fujimoto, J., Ueki. T., Yamamoto, H., IWftSfikK t.» 
Morisita. R., Sawa. Y., Kaneda, Y., Takahashi, H.» OkflmotOj E, 
(1998) Persistent gene expression in rat liver in vivo by repetitive 
transfections using H VJ-liposomc. Gene Ther. 5(4): 459-64. 

Hodges, B.L, Evans, H.K., Everett. R.S., Ding, E.Y,, Serra, D, 
(2001) Amalfitano A Adenovirus vectors with the 100K gene 
deleted and their potential for multiple gene therapy applications. J. 
Viroi 75(13): 5913-20. 

Hoofnaglc, J.H., Di Bisceglie, A. (1997) The treatment of chronic 
viral hepatitis N. Engl. J. Med 336: 347-536. 

Hourioux, C, Touze, A., Coursaget. P., Roingeard. P. (2000) DNA- 
containing and empty hepatitis B virus core particles bind simllftrty 
to envelope protein domains. 1 Gen. Virol. 81(Pt 4): 1099-tOt, 

llan, E., Burakova, T., Dagan, S., Nussbaum. O., Lubin, L, Erin* R.» 
Ben-Moshe, O., Arazi, J., Berr, S.. Neville, L., Yuen, L.» Msnsour, 
T.S., Gillard, J., Eid, A., Jurim. 0.. Shouval, D.* Rcisncr> Y,, Cdlun^ 
E. (1999) The hepatitis B virus-trimera mouse: a model for humftn 
HBV infection and evaluation of anti-F^BV therapeutic agents. 
ffepatology 29{2): 553-62. 

Jendis, J., Strack, B., Moelling, K. (1998) Inhibition of replicatioii 
of drug-resistant HIV type i isolates by polypurine tract-spteiftC 
oligodeoxynucleotide TFO A. AIDS Res. Hum. Retrovfrufes 
14(11): 999-1005. 

Ji, W.. Wang, Q.H., Si, C.W., Yu. M.. Zhang, G.Q., Liu, D. 09^) 
Inhibition of Hepatitis B Virus by Retroviral Vectors Expressing 
Antiscnscs PrcS/S. Virohgica Sini'ca 14(4): 310-3. 

Ji, W., St. (1997) CWInhibiiion of hepatitis B virus by retroviral 
vectors expressing antisense RNA. J. Virai Hepat 4(3): 167»73, 

Jung, S.C., Han, LP., Limaye. A., Xu. R., Gclderman, M.P., Zerfte, 
P., Tirumatai, K., Murray, G.J., During, M.J., Brady, R.O.* Qasbfl, 
P. (2001) Adeno-associated viral vector-mediated gene transfer 
results in long-term enzymatic and functional correction in multiple 
organs of Fabry mice. Proc. Natl. Acad. Sci. USA 98(5): 267^8 L 

Kao, J.H., Wu, N.H.. Chen, P.J., Lai, M.Y., Chen, D.S., Hepfltitls, 
B. (2000) Genotypes and the response to interferon therapy / 
//e/jfl/r?/. 33(6): 998-1002. 

Kim, Y.K., Junn, E., Park, L, Lee, Y., Kang, C. Ahn, J.K. (1999) 
Repression of hepatitis B virus X gene expression by hammcrhcftd 

ribozymes. Biochem Biophys. Res. Commun. 257(3): 759-65. 



J52 Current Gene Therapy, 20113, Vol. J, /V^. ^ 

Kock. J Nassal. M.. MacNclly. S.. IJaumcrt. T.l'.. Blum. II.R von 
Weizsackcr. F. (2001) Eflicicnl ihreclion of primary lunnia 
hcpmocylcs wilh pnrincd liiimnn nnd woolly n.nnlccy hcpiililis H 
virus. y /-'i>o/. 75(1 1): 5084-9. ' > ■ 

Korba. n.IZ Ocrin. J.L. (j'W) Anti.scnse nliponuclcniidc. arc 

cITcctivc inhibilors of hepatitis B viru.^ rcplicaiion ,„ vit.o 
Antiviral. Res. 28(.1): 225-'l2. 

Kramvis, A.. Kcw. M.C. (1998) Siruclure and r.inclion of the 

cncapsidalion .signal of hcpadnnviritlca. 7. I'irol. llrfHU. 5(6): 357- 
67. 

Kumar-Singh. R. (1998) Farber DnEncflpsidalcc) adenovirus mini- 
chromosomc-mediatcd dclivco' of genes to the relin.n: application 
to the rescue of photoreceptor degeneration. Hum. Mnl ClenPt 
7(12): 189.1-95. 

D.I.. Ng K.Y., Wu. P.C.. Dent. J.C.. Bnrber. J.. .Stephen.son. S L 
Gray D.KA^ (1998) One-year trial of Inmivudine for chronic 
hepatitis B. Asia Hepatitis Lamivudine Studv Group A' f„p/ / 
A/erf. 339(2): 61-8. ' ^ 

Lanford R.E.. Chavez. D.. Drasky. K.M.. Bums. R.B.. 3rd. Rico- 
Hes.sc. R. (1998) I.solalion of a hepadnavirus from the woollv 
monkey, a New World primate. P>-oc. Natl. Acad Sci. USA 95(10)- 
5757-61. 

Larkin. J. Clayton. M., Sun. B.. Perchonock, C.E.. Morgan. J L 
Siracusa. L.D.. Michaels. F.M,. Feitelson. M.A. (1999) l-lcpatitis B 
5(8V 907"lf"'"^ '"""^e model of chronic liver disease Nat. Med 

Lau D.T.. Khokhar. M.F.. Doo. E.. Ghany, M.G.. I Icrion. D.. Park. 
Y.. Klemer, D.L. Schmid. P.. Condreay, L.D.. Cauthier. J., Kuhns. 
M.C. Liang. T.J.. Iloofnagle. J.H. (2000) Long-term therapy of 
chronic hepatitis B with lamivudine. Hepatohfr,. 32(4 Pt I): 828- 

l'733.774'5 "'^'^ " ./ Med 24: 

ufo^;^'''^^^ Drug-induced hcpatotoxicity. ,V. E„^l, j, 333; 

roLJi' Chiang. B.L, (1998) 

Construction of vectors expressing bioactive hcicrodimeric and 

S ^4)''457.65"' '2 f""' gene 'hcrapy. Hum. Ger,e 

Lemieux, P Guerin. N., Paradis. G., Proulx. R.. Chistyakova. L 
Kabanov, A., Alakhov. V. (2000) A combination of poloxamer^ 

ner'7{\\Tm9r'''''" 

!;L^ M i - ''^"e. U.S. .lia Z.S. (2000) 

Imraccllu^ar application of two-tjni. ribozyme gene against hepatitis 
13 virus. Zhong Nua Aci Ke Za Zlii 39( 1 ): 27-30. 

Liszicwicz. J., Zcng. G.. Gratas. C. Welnstein, J.N.. I.ori F (2000) 
Combination gene therapy: synergistic inhibition of human 
immunodeficiency virus Tat and Rev functions bv a sinclc RNA 
molecule. M/m. Gene r/ier. 11(6): 807-15. • t 

Lok. A^S.F. (1992) Natural history nnd control of pcrinatallv 
acquired hepatitis B viri,s infection. Dig. Dis. 10: 46-52. 

TM^I 9^7*1' Atl!^- ^f""''"",^ - Bl^n^hc^P. B S., Block. 

Jr^cl n^ll^" tramckmg ofhepntills B vims glycoproteins 

Sr- tli; 9?6r238l-r" '""-^""^ '^"'^ 

^"k*"' ^- (2001) Immunomodulntion hv electrically 

enhanced delivery of plasmid DNA encoding M.-I2 to muHn 
skeletal mu.sele. Afo/. r/icr.3(l ): 47-53. ^ m murine 

Lund. A.M.. Turner. G.. TrubcLskoy. A.. Verhoevcn. E.. Wicntjcns 
F... Mulsman. D.. Russell. R.. DePinho. R.A.. Lenz. J, nml Lohrn: 



M. (2002) Gcnomc-widc retroviral inscrtional tagginp of ecflCS 
involved in cancer in Cdkn2a-dcnccnt mice. -Vn/i/rr 31 • 

160-165. Aft-npffC-T J*. 

Macphcrson. J.L.. Ely. J.A.. Sun. L.Q.. Svmonds. G.P (1999) 
Ribozymcs in gene therapy of IIIV-I. f-mn, Biosci. 4: 0497-505. 
Madon. J.. Blum. I I.E. (1996) Receptor-mediated delivery of 
hepatitis B virus DNA and anti.scnsc oligodcoxynucleotides lo 
avian liver cell.s. Hepaiology 240): 474-81. 

Malancherc-Bres. E.. Payette. P.J.. Mancini. M.. Tiollai.?. P., Davis. 
H.L.. Michel, M.L. (2001) CpG oligodcoxynucleotides with 
hepatitis B .surface antigen (HBsAg) for vaccination In HBsAe- 
transgenic mice. J. Virol. 7,5(14): 6482-91 . 

Mailliard. M.E. and Gollan. .f.L. (2003) Suppressing hepatitis B 
without resislancc-<;o far. so good. AVh. Erygland J. Mad 348: 848- 

ft 50. 

Main, J., McCarron. B.. Thoma.s. I I.C. (1998) Treatment ofchrohic 
hepatitis. Antiviral. Chem. Chem. other 9: 449-460. 

Mancini, M., Hadchouel. M., Davis. H.L.. Whalen. I^.G., Tiollfti'S 
P., Michel, M.L. (1996) DNA-mediated immunization In t 
transgenic mouse model of the hepatitis B surface antigen chronic 
carrier Slate. Proc. Katl. Acad Sci. USA 93(22): 12496-501. 

Marasco, W.A., Ha.seltine, W.A.. Chen. S.Y. (1993) DesiM. 
intracellular expression, and activity of a human antl-homan 
immunodenciency virus type I gpl20 singlc-chain antibody. Proc. 
Natl. Acad Sci. USA 90( 16): 7889-93. 

^^Z^- - ^""e. M J-. Sievert. 

bhiffman. M.L., Jeffcrs. L, Goodman. Z,. Wulfsohn, M.S., Xiontf. 
S., Fry, J.. Brosgart. C.L. (2003) Adefovir dipivo.xil for the 
treatment of hepatitis Be antigen-positive chronic hepatitics 8 New 
FMgland J. Med. 348:808-816. 

^u.""- R<=g""y, D.C.. Scullard. C.H.. 

Robin.son, W.S.A. (1980) Virus in Becchey ground .^quinrls that Is 

77('5) 294lT^'''''' " ^'""^ "''humans. Proc. Natl. Acad. Scl. USA 

Mason, W.S., Seal. G.. Summers, J. (1980) Virus of Pekin ducks 
with structural and biological rclatcdncss to human hepatitis B 
virus. J. Virol. 36(3): 829-36. 

oo^nw^' ''^'^''^o- Carbone, G.M.. Calapano. C.V. 

(^000) Antigene and antiproliferative effects of a c-myc-fareetlnB 
phosphorothioafc triple hclix-forming oligonucleotide in huiflan 
leukemia cells. Cancer Res. 60(14): 3790-9. 

Medley, G.F., Lindop, N.A., Edmunds. W.J.. Nokes, D.J. (2001) 
Hcpatifis-B virus endemicity: heterogencitv, catastrophic dynamics 
and control. A'ar A^erf 7(5): 619-24. 

Mehla. A.. Carrouce, S.. Conyers. B.. Jordan. R.. Butters, T.. Dwek. 
R.A.. Block, T.M. (2001) Inhibition of hepatitis B virus DNA 
replication by imino sugars without the inhibition of the DNA 
polymerase: therapeutic implications. Hepotology 33{f,): |488- 

nlo7< u ' \ J-^ ' "'""'berg, B.S.. Dwek, R.A, 

t t.inl.[ ^^^Vi" ^ E'ycoproteinsvary 
drastically in their sensitivity to ghxan processing: evidence that 
alteration of a single N-linkcd glycosylation site can regulate HBV 
secretion. Proc. Natl. Acad Sci. USA 94(5): 1822-7. 

Meng. S.D., Gao. T.. Gao. G.F.. Tien. P. (2001) HBV-specihc 
peptide as.sociated with heat-.shock protein gp96. Lancet 357(9255): 

Mhashilkar, A.M Daglcy, }., Chen. S.Y.. S/.ilvay. A.M., Hellflnd. 
p_G. Marasco, W.A. (1995) Inhibition of HIV.| Tat-medlated 

inl kIT"'" rZ'!^"/"'' single ch«fn 

intrabodics. EMBOJ. 14(7): 1542-51. 



Matecutar Theraptudcs oftlBV 



Otrrenf Cenr Therapy, 2003. Vol J, l^t>. 4 M 



Mhashilkar, A.M.. Biswns. O.K.. LnVccchio. J.. PnrLlcc, A.B.. 
Marasco. W.A. (1997) Inhibition of humnn imtnunodcOcicncy virus 
!ypc \ reptichtinn In vffro hy n hovcl comhinnlion nrnnii-l'ni .^linplc* 
chain inlrnl>odic5 and NF-kappa B antagonists. .A I'/>o/. 71(9): 
6486-94. 

Mi, Chen. IL, Zhang, X., Shao. X., Li, Z.. Wu, X. (1995) Duck 
hepatitis 13 virus model for screening oT antiviral agents Trom 
medicinal herbs. Chin. Med. J. (Engl). 108(9): 660-4. 

Michel M.L.. Davis, H.L., Schleef, M., Mancini, M.. Tiollais, P. 
(1995) Whalcn RGDNA-mediated ihiniunizalion to the hepatitis B 
surface antigen in mice: aspects of the humoral response mimic 
hepatitis B viral infection in humans, Prnc. A'ar/. AcafJ. Set. USA 
92(12): 5307-11. 

MichcL M.L,, Pol, S., Brechot, Tiollais, P. (2001) 
Immunotherapy of chronic hepatitis B by nnti MBV vnccinc: from 
present to future, yoccine 19: 2395-98. 

Miller, D.G.. Rullcdgc. E.A., Russell, D.W. (2002) Chromosomal 
effects of adcno-associatcd virus vector integration. /V^/. Genet. 
30(2): 147-8. 

Mohr, L., Yoon, S.K.. Eastman. SJ., Chu, Q., Scheule, R.K., 
Scaglioni, P.P., Gcissler, M., Heinlges* T., Blum, H.E., Wands, J.R. 
(2001) Cationic iiposomc-mediated gene delivery to the liver and to 
hepatocellular carcinomas in mice. Mum. Gene Ther. 12(7): 799- 
809. 

Morrey, J.D., Bailey. K.W., Korba, B.E., Sidwcil, R.W. (1999) 
Utilization of transgenic mice replicating high levels of hepatitis B 
virus for antiviral evaluation of lamivudine. Antiviral Res. 42(2): 
97-108. 

Morrey, J.D., Korba. B.E., Sidwcil, R.W. (1998) Transgenic mice 
as a chemothcrapcutic model for hepatitis B virus infection. Antivir. 
Ther 3(Suppl 3): 59-68. 

Nakanishi-Natsui. M.. Mayashi, Y., Rilamura. Y., Koike, K. (2000) 
Integrated hepatitis B virus DNA preserves the binding sequence of 
transcription factor Yin and Yang 1 ftt the virus-cell junction. / 
Virol. 74(12): 5562-8. 

Nakazono, K., llo. Y., Wu, C.H., Wu, G.Y. (1996) Inhibition of 
hepatitis B virus replication by targeted prctrcatmcnt of complexcd 
antisense DNA in vitro, fie pafotogy 1297-303. 

Naldini, L., Blomcr, U., Gallay, P., Cry, D„ Mulligan, R., Gage, 
F.H., Verma, I.M., Trono, D. (1996) fn vivo gene delivery and 
stable transduction of nondividing cells by a Icntivira! vector. 
Science 271{5259): 263-7. 

Natsoulis, G., Boekc, J.D. (I99I) New antiviral strategy using 
capsid-nucleasc fusion proteins. /V(7^t//*e 352(6336): 632-5. 

Oess, S., Hildt, E.N. (2000) Novel cell permeable motif derived 
from the PreS2-domain of hepatilis-B virus surface antigens. Gene 
Ther. 7(9): 750-R. 

Ohnishi, N., Itoh. K.. Itoh, Y., Baum. C, llignshitsuji, II., 
Yamaguchi. K., Tsuji. T.. Okanouc, T., Fujita, .1. (2002) High 
expression of transgcnes mediated by hybrid retroviral vectors in 
hcpatocytes: comparison of promoters from murine retroviruses in 
vitro and in vivo. Gene Ther. 9(4): 303-6. 

Ohashi, K., Marion, P.L., Nakai, H., Meuse, L., Cullcn, J.M., 
Bordier, B.B., Schwall, R.. Grccnbcrg, H.B., Glenn. J.S.. Kay. M.A. 
(2000) Sustained survival of human hepatocytcs in mice: A model 
for in vivo infection with hu?nan hepatitis B and hepatitis delta 
viruses. Not. Med. 6(3): 327-31. 

Okamoto. Y.. Nakano, H. (1999) Attempt for livcr-targctcd delivery 
of antisense oligonucleotides by cholesterol modification and oral 
administration. Hepatolo^> research 13: 252-258. 



Offcnspcrgcr. W.B., Offcnspcrger, S., Blum, H.E. (1998) AntlscnW 
therapy of hepatitis B virus infection. Mol. Biotechnoi 9(2): 161* 

70. 

Otsuka, M., Baru, M., Dclrivicre. L.. Talpc, S., Nur, l.» Giartcllt), P. 

(2000) In vivo liver-directed gene transfer in rats and pigs with 
large anionic multilamellar liposomes: routes of administrotioft and 
effects of surgical manipulations on transfection efTiciency. J. Dt^uf^ 
Target 8(4): 267-79. 

Passman, M., Weinberg, M., Kew, M., Arbuthnot» P. (2000) M SU^ 
demonstration of inhibitory effects of hammerhead ribozymes that 
arc targeted to the hepatitis Bx sequence in cultured cells. Bhchetn. 
Biophy.s. Res. Commun. 268(3): 728-33. 

Pastorc. E., Morral. N., Zhou. IT, Garcia, R., Parks. R.J.. Kochflhek* 
S., Graham, F.L., Lee, B., Bcaudet. A.L. (1999 Jul 20) Use of & 
livcr-spccinc promoter reduces immune response to the tmnsgerte 
in adenoviral vectors. Hum. Gene Ther 10(1 1): 1773-81. 

Pcrrillo, R., Schiff, E., Yoshida, E., Statlcr, A., Hirsch, K., Wright, 
T.. Gulfrcund, K., Llamy, P., Murray. A. (2000) Adefovir diplvoxll 
for the treatment of lamivudine-rcsistant hepatitis B mutlintl 
Mepatology 32(\) 129-34. 

Prokop, A., Kozlov, E., Moore, W., Davidson, J.M. (2002) 
Maximizing the in vivo efficiency of gene transfer by rtieftriS Of 
nonviral polymeric gene delivery vehicles. J. Pharm. ScL 91(1 )t 67* 
76. 

Podsakoff, G.M. (2001) Lentiviral vectors approach the clinic but 
fall back: NIH Recombinant DNA Advisory Committee Review of 
a first clinical protocol for use of a lentiviral vector. Mo!. Th^t. 
4(4): 282-283. 

Podsakoff, G.M. (2001) Lengtivirus in the clinic. Mai. Ther. 4(6): 
512. 

Prot7xr, U., Nassal, M., Chiang. P.W.. Kirschfink. M., Sch&tlcr* 
(1999) Interferon gene transfer by a hepatitis B viruj vectOf 
efficiently suppresses wild-type vims infection. Proc. Natl. AcHtd. 
5c/. 96:10818-23. 

Rang, A., Will, H. (2000) The tetracycline-responsive promoter 
contains functional interferon-inducible response elements. Nuetetc 
Acids Res. n{5): \ \20'5. 

Rang, A., Heisc, T., Will, H. (2001) Lack of a role of the irttcffferon- 
stimulated response clement-like region in interferon alpha-iUduCCd 
suppression of Hepatitis B virus in vitro. J. Bioi Chem, 276(5): 
3531-5. 

Robacxewska, M., Buerret, S.. Remy, J.S., Chertiih, f., 
Offensperger, W.B., Chevallier, M., Behr, J.P., Podhajskft, A.J* 

(2001) Inhibition of hepadnaviral replication by polyethylenlfftlfte* 
based intravenous delivery of antisense phosphodiestcr 
oligodeoxynucleoties to the liver. Gene Ther. 8(1 1): 874-81. 

Rossol, S., Marinos, G., Carucci, P., Singer, M.V., Williamj» R„ 
Naoumov, N.V. (1997) Interlcukin.l2 induction of Thl cytokines Is 
important for viral clearance in chronic hepatitis B. / Clth, !m>ei. 
99(12): 3025-33. 

Ryu, W.S., Lee, J.H. (2001) A novel liver specific gene therftpy 
vector derived from hepatitis B virus. Mol. Ther. 3(5): S9. 

Sallbcrg, M., Hughes, J., Javadian. A., Ronlov, G., Hultgren, C„ 
Townsend, K., Anderson, C.G., 0*Dca, J., Alfonso, J., Easort, R., 
Murthy, K.K., Jolly, D.J„ Chang, S.M., Mento, S.J., Milich, D., 
Lee, W.T. (1998) Genetic immunization of chimpanfces 
chronically infected with the hepatitis B virus, using a recombltiftftt 
retroviral vector encoding the hepatitis B virus core antigen. Hutn. 
Gene Ther. 9{\2): 1719-29. 

Sallbcrg, M., Townsend, K., Chen, M., O'Dca, J., Banks, Jolly, 
D.J-, Chang, S.M., Lee, W.T., Milich, D.R. (1997) ChftractcHxfltion 
of humoral and CD4+ cellular responses aOer genetic immunisation 



354 Oirreni Grnf Tltrropy. Jflnj. I ,,/. .J. iw„^ 4 

with rclroviral vectors expressing dilTcrenl forms of the hcpnliiis 1} 
virus core and e nniigcns. ./. I (>o/. 71(7): 5295-303. 

Scnglioni P Mclc,;ari. M.. Tnknhnshi. M.. Cl.owlimrv I u 
Wands. J. (1990) Use of dominnnt nepmivc mul.nis "of t c 
hcpadnav.ral core protein «s aniivir;,! agents. //r/w^^Me^, 24{5)■ 
Schicd^cr C Morral. N.. Paries. R..I.. Wu. Y.. Koopunms S C 
Lang.ston. C Graham. IM... IJcaudcl. A.L.. Kochanck. S I99S) 
GenomK: DNA transfer with a high-copncity adenovirus vector 

F'^'relwr M ^""'e-^^'-'^'-'t- - P- Kvvi.vsn. M.. Sack. 

1.. .Sclirofr. M.. .lunplinns. C. Relmnnn. J.. Willie II (20nn 

mm mal DNA expression constructs modincd with a' nuclear 
localization .signal peptide. 7. Kkd. 79(5-6): 3J3-.sn. 
Soni. P.N.. i3rown. D.. .Same. R., Sflvngc. K Moore n 

anS^llir ^' m'^ GMBio-distHbution'. stahilitv; a d 

ohIIh^ V • '"^''"^"^-entrappcd phosphorothinate nntiscnse 
oheodeoxynucleoiides in ducks for the treatment of chronic S 
hepatitis B vmis infection. /■/ppo/o/o^28(5): M02-I0. 

u' O*'"^"'"''''^^- Schaller. H.. Prot/er. H. (2001) 

75(11) 5 lot? 8 """^ ""'^ 'P"''" 

Su;inwacrdcr. D.S., Carlson. C.A.. Licber. A. (1999) Gcncniion of 
adenovirus vectors devoid of all viral genes by rcron i ion 
between inverted repeats.,/, liml. 73(11): 9303-13. 

Straycr. D.S Branco. P.. Landre. J.. BouHamdan. M.. .'^hahecn F 
Suzuki. T Shen. H.. Akagi. K.. Morse HI, H.C., Mallev JD 

«,„Ti, T ^ V'"' with hepatitis and hepatoma in 

woodchucks. Proc. Natl. Acad Sci. US,4 75(9): 4533. 

rn„",v ^'^u f2002) Murine retroviral pseudolvpe virus 

S;;;'lS'r ' " '"^^ "^'^ surface antigens' onfers 
spec.nc tropLsm for primary human hepafocytes: a potential livcr- 
spccific targeting .system. J. Virol. 76(2): 912-7. 

If L^h^-.^'T" ^'"''•'•y- ("^9) Two distinct .segments 
o lhe hepa„„s B virus .surface antigen contribute svnerci.s.ic.llv to 
797 w„h the viral core particles. J. M„l mol 2S6(3) 

hcpMiiUn"-^ • w"'"- '^^^ «'Oodch„ch model of 

hepatitis B virus infection. /UlU. 42(2): 89-102. 

Thoma. C. Wieland. ,S.. Moradpour, D.. von U'ei.sacker F 
(2ST^"^ S.. Madon. ,1.. Blum. H.e'.. Offensperpcr V b" 
? or recombinant adenovirus r„r 

gene transfer m vivo. Gene Thcr. 7( 12): 1039-45. 

h^Stfs B^vii;;!rt ^ '^ '.''^^9) Cnrboxypcptida.sc D .s an avian 
ncpaiitis U virus receptor. J. I i,ol. 73( 1 0): 8696-702. 

tong. Y., Wang. M.. Xu. J.. Fu, L.. Yu, C L.lu G (2001^ 
Expression of human anti-HBsAg-interferon fu.^on proic^, Lao 

nTifis^nnc'.Jr'"' ^ f"^"^ ^"'^^eclcd inhibition of hepatitis 
n virus pcnc expression: a gene therapy approach. I mn, /? Jc/. 3: 

Sauter. S.. Chang. S.M.. ..oily. D.I. Mento. S.J.. Mllich. D.R.. Lee." 



r'^sLnsT'r.'^'''"''"'"'"'''""" '>'"""^'^ T-lvmphocyte 

r>.spon.ses after genetic immuni^'alion with retrovirus vector^ 

CNl^ressmp diflercnl forms of the hep.n.i.is B virus core and e 
antigens..;. Virol. 71(5): 3365-74. ' 

Urban S. Urban. S.. Fi.scher. K.P.. Tyrrell. D.L. (2001) Efnciem 
pyrophosphorolysis by a hepatitis B virus polymera.sc may be a 
pnmcr-unblockmg mechanism. Pr„c. N„,i. A^ad. Sci. (/5/f 98(9): 

inJ:',"' "^"f"": ''■ (2002) Inhibition of duck hepatitis B virus 
.nfection by a myri.stoylatcd pre-S peptide of the large viral surface 
protein. 7. I />-o/. 76(4): 1986-90. ."nace 

nuLtrrn'v; V Niouwenhof MW. 

I ihi ,r 1 ^-v"""=^i^ "r nlphn-plucosidniM: I 

ivitv / ("'V-D and immunosuppressive 

anivity./ Plwrm. Pharmacol. 48(2): 172-S. 

von Wcizsaekcr. F.. Blum, H.E.. Wand.s. J.R. (1992) CIcavace of 
hepatitis B virus RNA by three ribozymes transcribed rrom aSfi? 
DNA template. Biochem. Biophys. Res. Conmun. 189 (2): 743-8 ■ 

viral^yS''^"' K - " ("96) Inhibitioh of 

Z ' • "^n ecnctieally engineered mutants of the duck 

hepatitis B virus core protein. Hcpatology 24(2): 294-9. 

von Wciz.sacker, P., Kock, J., Wieland, S.. OfTensperEcr W B 
Blum, H.E. (1999) Dominant negative mutants ofthe E Jepaims 

vi rnl nNT'' T"" 'f.'"'""' '""^ ^^'^ m^^r^orr^c packaging and 
viral DNA synthesis. //epo/o/ogy 30(1): 308-15. 

(-002) Ci.s-preferenlial recruitment of duck hepatitis B virus core 
Ssjl)!- 2S-I6 ''^^'P"'y'^"<-'^«= preassembly complex HcpalollZ 

Macphcr.son. J.L.. Ely, J.A.. Sun. LQ. (1999) RiWmes in ncne 
Ibcrapy oflllV-l. Front Biosci. 4: D497-505. ^ 

Walton. CM., Wu. C.H., Wu. G.Y. (2001) A ribonuclease HK^Iigo 
DNA conjugate that .specincally cleaves hepatitis B viral messenger 
kNA. Biocnnjug Chem. 12(5): 770-5. 

Wang. Y.. Chen. H., Wang. P.. Li, Q.. Chen. G., Feng, B. (1996) 
Rat as an animal model carrying human hepatitis 0 virus In 
hcpatocytcs. Chin. Med J. (Engl). 109(9); 674-9. 

onnm" r ' ^''"f' P^«man, M.W., Seed. B. 

(2000) EpLsomal .segregation of the adenovirus enhancer sequence 
by conditional genome rearrangement abrogates late viral eenc 
expression, y. Virol. 74(23): 11296-303. 

(T99f; s.kI"'^'- '^''"'■"e"'^'"- S.M.. III. C.R.. Verma. I.M. 
0999) Sustained correction of bleeding di.sorder in hemophilia B 
mice by gene therapy. Proc Natl. Acad Sci. USA 96(7): 3906-10 

Si", V''" • ^^-^ I M. 

U(WO) .Sustained expression of therapeutic level of factor IX in 

rr^3)':Vo7 AAV-mediated gene therapy in Ser. A J 

Watanabe. Y.. Liu. X.. Shibuya. I.. Akaikc. T. (2000) Functional 
evaluation of poly-(N-p-vinylben..yl-0-be.a-D 'galac.opjmnos ■ ! 
I-«]-D-gluconamide)(PVLA) as a liver specinc carrier 7 
PinmaterSci Polym. Ed. \nn.^2-i-/i^. v..>mcr. j. 

Walts. RR Conxvay, J.F., Cheng. N., Slahl. S.J.. Bclnap, D M 
P P^'o^imv '■■'r ^""^ morphogenic iX; 

Designrng gene llicrapy vectors: avoiding immune respon.ses bv 
using tissuc-.spccihc promoters. Gene Ther 8(24): 1872-8. 
Wcrr. M. Prange. R. (1998) Role for catnexin and N-linked 
g ycosylnti on .n the assembly and .secretion of hepatiiis 0 viruj 
middle envelope protein particles. 7. Virol. 72(1): 778-82. 



Mniecuhr Therapeutics o/HBt ' 

Weinberg, M., Passmnn. M.. Kcw. M., Arbutlinol. V. (2000) 
Mnmmcrhcad ribo/.ymc-mctlialed inhibition ofhcpntilis B vims X 
pcnc expression in cwllnrcd cells. 7. fhpnfof. 3.Vt): t -12-5 I. 

Welch, PJ., Tritz. R.. Yei. S.. Horbcr, J.. Yu. M. (1997) 
Inlrncclhilar applicalion oThnirpin riho/.ymc genes anninst hcpntilis 
B virus. Grnr 77;fr. 4(7): 736-43. 

Welch, P.J.. Yei. S., Barber. )M. (1998) Ribo/,yme gene Ihcrnpv for 
hcpalilis C virus infcclion. Cfinical and Diavmsiir \'iro}o^r^> 10 
163-71. 

Wong-Slaal, P.. Pocschlii. ILM., Looney, DJ.A. (1998) Controlled. 
Phase I clinical trial lo evaluate the safely and elTccis in lilV-I 
infected humans of nniologous lymphocytes trnnscluccd with a 
ribo/A'mc (hat cleaves MIV-I RNA. Hum. Ge^tc Thcr 9; 2'(07-25. 

Wu. C.. Zcng. Z., Wang. Q. (2001) ExpcrimcninI study of 
inhibition of hcpntitis B by dual-targcl antlscnse RNA. Zhon^hua Vi 
Xne Za Z/i/8t(IO): 605-8. 

Wu. C.H.. Ouyang, C.C.. Walton, C, Wu» G.Y. (2001) Liver cell 
transptantation-novc! animal model for human hepatic viral 
infections. Cmar Med J. 42(4): 446-50. 

Wu. G.Y., Wu. C.H. (1992) SpcciRc inhibition of hepatitis B viral 
gene expression in vitro by targeted antisensc oligonucleotides J. 
Biol. Chem. 267(18): 12436-9. 

Wu, G.Y.. Walton, CM.. Wu, C.if. (2001) Targeted 
polynucleotides for inhibition of hepatitis B and C vimscs Croaf 
.\'fed y. 42(4): 463-6, 

Wu, J., Gerber. M.A. (1997) The inhibitory effects oT antiscnse 
RNA on hepatitis B virus surface antigen !?vnlhesis. ./ Gen Virol 
78(Pt3):641-7. 

Wu. S.F., Lee. CJ., i.iao. C.L., Dwek, R.A.. Zil/mnnn. N., Lin. 
Y.L. (2002) Antiviral effects of an iminosugnr derivative on 
flavivirus infections. 7. V'iroi 76(8). 

Xia. X.B., Cheng. J., Yang. j.Z.. Zhong, V.W.. Wang. G., Fang. 
M.Om Liu, Y., Li, K., Dong. .1. (2002) Construction and expression 
of humanized nnti-HBsAg scPv targeting intcrfcron-alpha in 
eschcrichiacoli. Zhonghuo Gan. Zang BingZa Zhi 10(1): 28-30. 

Xin. W., Wang, J.H. (1998) Treatment ofduck hepatitis B vims by 
antisensc poly-2'-0- (2.4-dinilrophcnyl) -oligoribonucleotidcs. 
JnHsense Nucleic Acid Drug Dev. 8(6): 459-68. 

Xiong, X., Flores, C, Ynag. H.. Toole, J. J.. Cibbs. C.S. (1998) 
Mutations in hepalits B DNA polymerase associated with rcssitance 
lo lamivudinc do not confer ressitancc to adcfnvir in vitro 
Hepnfohgy 2S(6): 1669-73. 

Xu. R.A., Li, H., Tsc. L.. Kung, M.F., Lam, K.S.L. (2003) Diabetes 
gene therapy: potential and challenges. Cur. Gene Thcr 3: 65-83. 

Xu. R.A., Mastakov, M.. Choi, K.-L, Miifavlev. A.F., Fitzsimons. 
H.. During, M.A. (2001) Quantitative comparison of expression 
with adeno-a.ssociatcd virus (AAV.2) brnin-spccinc rctic cassettes 
Geni> Therapy^ ^: 1323-1332. 

Yamarnoto, M., Ilayashi. N., Takchara. T,. tJcda. K.. Mita, L.. 
Talsumi. T., Sasaki, Y.. Kasahara. A., Mori. M. (1999) Inlracellular 
single-chain antibody against hepatitis B virus core protein inhibits 



Otrreuf Oenr Thrrnpy, 2003, l^ot. 3, Nff. 4 3?,^ 

the replication of hepatitis B virus in cultured cells Ncnatntopv 
30(1): 300-7. ' ^ 

Yang. Y., Lrt!. ILC. Wilson .I.M. (199J) MllC class l-restrlcted 
cytotoxic T lymphocytes to viral antigens destroy hcpatocytCS th 
mice infected with F.I -deleted recombinnnl adenoviruses lmmunfty> 
1(5): 433-42. 

Yao, G.B. (2000) Manngemcnt of hepatitis B in China J Med. 
Virol. 61(3): 392-7, 

Yao, Z.- Zhou, Y.. Feng. X.. Chen. C. Gtto. J. (1996) In vivo 
inhibition of hepatitis B viral gene expression by antiscnse 
phosphorothioatc oligodeo.wnucleoiidcs in alhvmic nude mice J 
Viral. Hcpnf. 3(1); 19-22. 

Yu, X.. Mcrt?,. J.L. (2001) Critical roles of nuclear receptor 
response elements in replication of hepatitis B virus J Virol 
75(23): 1 1354-64. 

Zhou, Z.. Zhang, D., Ren. H, (2001) Humoral immunization and 
cell-mediated immunization evoked by MBsAg and B7.2 Ag 
coexpression recombinant adenovirus vector. Zhonvhua Gan Zfinif 
mngZa Zhi 9{2): \\}'3. ' 

Zitzmann, N., Mehla, A.S., Carrouee, S., Butters, T.D.. Piatt, F.M. 
McCauley, J., Blumbcrg, B.S., Dwck, R.A., Block, T,M, ()999) 
Imino sugars inhibit the formation and secretion of bovine viral 
diarrhea virus, a pestivirus model of hepatitis C virus: implicatiotis 
for the development of broad spectrum anti-hepatitis virus agents. 
Proc. Natl. Acad, Set. USA 96(21): 1 1878-82. 

Zoulim. F. (1999) Therapy of chronic hepatitis B virus infection: 
inhibition of the viral polymerase and other antiviral Strategies 

Antirival. Res. 44(1): 1-30. 

Zoulim, F., Trepo, C. (1998) Drug therapy for chronic hepatitis D: 
antiviral efncacy and inHuence of hepatitis B virus polymerase 
mutations on the outcome of therapy. ./. Hepatol. 29(1): 151*68. 

zu Putlitz, J., Encke, Wands. J.R. (2000) Cytotoxic T cell 
responses against hepatitis B virus polymerase induced by genetic 
immunization. J. Hepatol. 33: 986-9 L 

zu Putlitz, J., Wands, J.R. (1999) Specific inhibition of hepatitis B 
virus replication by sense RNA. Antiscnse Nucleic Acid Drtjj? Dev 
9(3): 241-52. 

zu Putlitz, i., Encke, J., Wands. i.R. (2000) Cytotoxic T cell 
responses against hepatitis B virus polymerase induced by genetic 
immunization. 7, Hepatol. 33: 986-91. 

zu Putlitz, J„ Yu, Q.. Burke, J.M., Wands, J.R. (1999) 
Combinatorial screening and intracellular antiviral activity of 
hairpin ribozymes directed against hepatitis B virus 7 Virol 73(7)- 
5381-7. 

zu Putlitz, J., Skerra, A., Wands, J.R. (1999) Intraccllolaf 
expression of a cloned antibody fragment interferes with hepatitis D 
virus surface antigen secretion. Biochcm. Biophys. Rev Commuh 
255:785-91. 

zu Putlitz, J., Lanford, R.E., Carlson, R.f, Notvall, L., Dclnmontc 
S.M., Wands. J.R. (1999) Properties of Monoclonal Antibodies 
Directed against Hepatitis B Virus Poivmerasc Protein J Virol 
73(5): 4 188-96. ' " ' ' . . 



